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ABSTRACT
Recent X-ray and optical observations of the Perseus cluster indicate that the viscous and
conductive dissipation of sound waves is the mechanism responsible for heating the intraclus-
ter medium and thus balancing radiative cooling of cluster cores. We discuss this mechanism
more generally and show how the specific heating and cooling rates vary with temperature
and radius. It appears that the heating mechanism is most effective above10

7
K, which allows

for radiative cooling to proceed within normal galaxy formation but will stifle the growth of
very massive galaxies. The scaling of the wavelength of sound waves with cluster temperature
and feedback in the system are investigated.
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1 INTRODUCTION

The Hα-emitting filaments surrounding NGC 1275 in the core of
the Perseus cluster (Lynds 1970; Conselice et al 2001) appear to act
as streamlines revealing flows in the intracluster medium (Fabian et
al 2003b). Many of the outer filaments are reasonably straight and
stretch over 10s kpc. One dubbed the horseshoe (Conselice etal
2001) folds back on itself just behind a large spherical-capshaped
depression in the X-ray intensity of the gas, suggestive of the flow
on Earth seen behind rising spherical-cap bubbles in water (Fabian
et al 2003b). Together these observations indicate that theintra-
cluster medium is not turbulent and so is probably viscous, with
a viscosity approaching the Spitzer-Braginskii (1956) value for an
ionized plasma.

Further evidence for the medium being viscous is provided by
the shape of detached buoyant bubbles, seen most clearly in the
Perseus cluster (Fabian et al 2003a). Simulations of bubbles rising
in an intracluster medium show that viscosity enables bubbles to
remain intact for longer than a crossing time (Reynolds et al2004).

If the intracluster medium is viscous then sound waves pro-
duced for example by radio bubbles from the central active galaxy,
as seen in the Perseus cluster (Fabian et al 2003a), can be rapidly
dissipated. This provides an efficient mechanism for transferring
energy produced by a massive black hole in a central cluster galaxy
into the surrounding medium in a reasonably isotropic manner. Al-
though the energy flow passes through highly directional jets, the
resultant bubbling produces approximately spherical sound waves
which propagate into the cluster.

Energetic outflows from black holes do not otherwise couple
well to surrounding gas. Electromagnetic ones pass throughthe gas
which, being ionized, is mostly transparent. Collimated outflows,
which tend to be the most energetic, are often too violent andbore
right through the gas along the collimation direction (e.g.Cygnus

A). Uncollimated winds might work but would tend to give strong
shocks, which are not observed in the inner intracluster gas. Vis-
cous dissipation can provide continuous, gentle, distributed heat,
as is required (Voigt & Fabian 2004).

Here, we examine the viscous dissipation of sound wave en-
ergy in intracluster and intragroup gas. It has a strong temperature
dependence which means that such heating dominates over radia-
tive cooling above about107 K. Radiative cooling dominates below
that temperature. This provides a clue as to why heating appears
to stifle the cooling in clusters and groups (the cooling flow prob-
lem, see Fabian et al 2001) yet most galaxy formation, where much
of the stellar component is a consequence of radiative cooling of
baryons which have fallen into dark matter wells, has taken place.
Indeed the process which stifles cooling in massive systems prob-
ably is responsible for truncating the upper mass range of galaxies
(Fabian et al 2002; Benson et al 2003; Binney 2004).

2 VISCOUS AND CONDUCTIVE HEATING

We now consider the heating rate of sound waves propagating
through the intracluster medium. The viscosity will be assumed
to be close to the Spitzer-Braginskii (1956) value for an ionized
gas. Cluster cores do have significant magnetic fields (e.g. Carilli
& Taylor 2002) which may of course alter the viscosity. What effect
this has is unclear.

There is, however, evidence from Faraday rotation measures
(RMs) observations (Carilli & Taylor 2002 and references therein)
that the field is coherent in patches larger than the ion mean free
path. Typical values of the cell size estimated from RM distribu-
tions and quoted in the literature are 5-10 kpc. A power-spectrum
analysis of Hydra A, a bright radio galaxy and one of the best cases
for probing a cooling core cluster as it provides a probe of the RM
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distribution on scales from 0.2 to 40 kpc, has been carried out by
Vogt & Esslin (2004, in prep), who find a magnetic autocorrelation
length of3±0.5 kpc. This autocorrelation length can be compared
to the ion mean free path (mfp) of0.23T 2

c n−1
c kpc for typical clus-

ter core parameters ofTc = 3 × 107 K andn−1
c = 0.01 cm−3 .

Since the mfp is smaller than the dominant scale size of the mag-
netic field, the viscosity will be high for much of the volume un-
der consideration. This is also relevant to the issue of conduction,
which can also dissipate the energy in sound waves (Landau & Lif-
shitz 1987), but is not strong enough to offset cooling in many clus-
ters by itself (Voigt & Fabian 2004; Kaastra et al 2004).

Consider a simple model in which the intracluster medium
consists of many magnetically isolated blobs of gas, each ofsize
ranging over a few kpc. Within a blob the field is fairly coherent.
Conduction of heat from the outside of the core to the centre is in-
hibited by the boundaries between the blobs. The energy in sound
waves propagates freely across the boundaries and can be dissi-
pated within the blobs by both conduction and viscosity.

2.1 Sound wave heating and radiative cooling rates

Suppose the ICM possesses a kinematic viscosityν and a ther-
mal conductivity ofκ. The absorption coefficient for the passage
of sounds waves is given by (Landau & Lifshitz 1987)

γ =
2π2f2

c3
s

[

4

3
ν +

κ

ρ

(

1

cV

−
1

cp

)]

, (1)

wheref is the frequency of the sound waves,cs is the sound speed,
ρ is the density of the ICM, andcV andcp are the specific heats at
constant volume and pressure, respectively. The dissipation length
(i.e., the length scale over which the energy flux of the soundwave
decrease by a factor ofe) is given by ℓ = 1/2γ. Noting that
cp/cV = 5/3 for a fully ionized gas, we can write

ℓ =
3c3

s

8π2f2 [2ν + κ/ρcp]
. (2)

Suppose that the viscosity and thermal conductivity are fixed frac-
tions,ξν andξκ, of their unmagnetized values. For a fully ionized
hydrogen plasma, we get

ν = 1.4 × 1025T
5/2

7 n−1ξν , (3)
κ

ρcp

= 5.6 × 1026T
5/2

7 n−1ξκ, (4)

whereT7 = T/(107 K), andn is number density, and we have
taken the Coulomb logarithm to have a value of 30. Substituting
the numerical values into eqn. 2, we get

ℓ = 154
nT−1

7 f−2
−6

(

ξν

0.1

)

+ 20
(

ξκ

0.1

) kpc (5)

where we have expressed the sound wave frequency in units of
per megayear (i.e.,f

−6 = f/(10−6 yr−1) and have normalized
to plausible values of viscosity and thermal conductivity (follow-
ing the arguments of Narayan & Medvedev 2001). Hereafter, we
shall use denote

ξ̄ =
ξν

0.1
+ 20

ξκ

0.1
(6)

We note that, since temperature and density vary with radiusin the
cluster, the dissipative effects of viscosity and thermal conductiv-
ity vary but maintain a fixed ratio (as a consequence of assuming
thatξν andξκ are constant). We also note that thermal conduction
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Figure 1. Dissipative volume heating rates (solid lines) and radiative vol-
ume cooling rate (dashed line), using the temperature and density profile of
A 2199 (Johnstone et al. 2002). The heavy solid line is for thefollowing set
of illustrative set of parameters for which the heating and cooling approxi-
mately balance;L44 = 1, f

−6 = 0.1, ξν = 0.1, ξκ = 0. Other choices of
the acoustic power (L44 will simply rescale this line in the vertical direc-
tion. Other choices off

−6, ξν = 0.1, andξκ = 0 change the dissipation
lengthscale as well — the family of additional (thin) solid lines shows the
effect of successive doublings of frequency (f

−6 = 0.2, f
−6 = 0.4, and

f
−6 = 0.8.

is over an order of magnitude more effective at dissipating sound
wave energy ifξν ≈ ξκ.

We now model the central AGN as a source of acoustic energy
at the center of the cluster. Suppose that the AGN injects an acoustic
luminosity of Linj into the ICM at an inner radius ofr = rin. If
Ls(r) is the acoustic luminosity at radiusr > rin, the definition of
dissipation length gives

dLs

dr
= −

Ls

ℓ
, (7)

which has the solution

Ls(r) = Linj exp

(

−

∫ r

rin

1

ℓ
dr

)

. (8)

The volume heating rate due to viscous and conductive dissipation
is

ǫdiss =
Ls(r)

4πr2ℓ
, (9)

which, forr ≪ ℓ is approximately

ǫdiss ≈
2πf2Linj [2ν + κ/ρcp]

3c3
s r2

, (10)

which can be evaluated to give

ǫdiss ≈ 1.9 × 10−28T7n
−1f2

−6r
−2
2 L44ξ̄ erg cm−3 s−1 , (11)

whereL44 = Linj/(10
44 erg s−1 ) andr2 = r/(100 kpc).

As an illustration of the radial dependence of the viscous and
conductive dissipation, we computeǫdiss using the temperature and
density profile of Abell 2199 from Johnstone et al. (2002);T =
4.4r0.3

2 keV andn = 6.0 × 10−3r−0.75
2 cm−3 . We compare this

with the radiative cooling as derived from the formula of Tozzi &
Norman (2001) which, expressed in our units, becomes;

ǫrad = 10−24nine

[

1.13T−1.7
7 + 5.3T 0.5

7 + 6.3
]

(12)

As shown in Fig. 1, the dissipative heating closely balancesthe
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radiative cooling within the cooling radius (defined as the radius
within which the cooling timeτ = 3nkT/2ǫrad exceeds 1 Gyr) for
the following choice of parameters;L44 = 1, f = 0.1, ξν = 0.1,
ξκ = 0. The dissipation lengthscale is approximately 100 kpc, and
the heating rate displays power-law radial profile within this radius
(reflecting the simple power-law forms of the assumed tempera-
ture and density). A sharp (exponential) cutoff in the heating rate is
seen for radii larger than the dissipation length. Varying the acous-
tic luminosity of the AGN simply changes the normalization of this
heating rate. On the other hand, varying the frequency of thesound
waves leads to dramatic changes in the dissipation lengthscale. In
particular, increasing the sound frequency while leaving the other
parameters at the values listed above rapidly brings the dissipation
lengthscale within the cooling radius. A detailed balance of heating
and cooling is then no longer possible — the innermost regions can
be strongly heated while radiative cooling occurs unchecked at the
cooling radius.

For a given suppression factor (ξν andξκ), thermal conduction
is significantly more important than viscosity at dissipating sound
wave energy. Indeed, if thermal conduction occurred at the level
suggested by Narayan & Medvedev (2001),

ξκ ≈ 0.2, (13)

the dissipation lengthscale would be extremely short for all but the
lowest frequency soundwaves (ℓ ≈ 3.9nT−1

7 f−2
−6 kpc).

The theory outlined above only strictly applies to the case
of linear sound waves; this imposes a radius dependent maximum
acoustic luminosity to which this theory can be applied. Expressed
in terms of pressure fluctuations,δp, the acoustic luminosity cross-
ing a shell at radiusr is,

Ls ≈ 4πr2 δp2

ρcs
. (14)

The acoustic waves become strongly non-linear whenδp ≈ p.
Thus, the maximum acoustic luminosity for which our model ap-
plies is

Ls,max ≈ 4πr2 p2

ρcs
≈ 3.1 × 1046nT 1.5

7 r2
2 erg s−1 . (15)

Using this equation, we see that the fiducial model describedabove
for A 2199 (L44 = 1, f = 0.1, ξν = 0.1, ξκ = 0) is only valid for
radii greater than about 20 kpc. Within that radius, the energy must
be transported within the form of weak shocks and/or convective
motions.

3 THE WAVELENGTH AND FREQUENCY OF SOUND
WAVES

Subcluster mergers are common in clusters and these will generate
large pressure discontinuities and sound waves. The wavelengths
of sound waves remaining after shocks have passed will presum-
ably be on the scale of cluster cores or hundreds of kpc. On these
scales the gas may be turbulent so the motions may degrade down
to scales of tens of kpc where viscous dissipation can operate. The
outer gas in a cluster may therefore be noisy with a wide spectrum
of wavelengths. Pringle (1989) noted that the dense regionsof a
cluster core can focus sound waves inward, meaning that significant
heating may result at the centre. Establishing the energetics and ef-
ficiency of such processes requires numerical calculationsbeyond
the scope of this Letter.

A central active nucleus giving rise to jets will inflate cav-
ities of relativistic radio-emitting plasma within the intracluster

Figure 2. The X-ray luminosity within the cooling radius plotted against
the cluster temperature, using results for cooling flow clusters taken from
Peres et al (1998). The best fitting power law is shown, with index 3.8.

medium. Such cavities or bubbles are seen in the Perseus cluster
(Böhringer et al 1993; Fabian et al 2000; Fabian et al 2003a), Virgo
cluster (Wilson et al 2002; Forman et al 2003), A2052 (Blanton
et al 2001, 2003), A2597 (Nulsen et al 2002), A4059 (Heinz et al
2002) and Hydra A (McNamara et al 2000). Such bubbles inflate
and then break away due to buoyancy (Churazov et al 2000, 2001)
and so even a constant jet will lead to a bubbling effect. Thisgen-
erates a repetitive pressure excess and thus a sound wave with a
period equal to the repetition time of the bubbles.

A bubble expands because of its excess pressure relative to
the intracluster medium at a rate which varies ast1/3, wheret is
time. It detaches from the jet when buoyancy dominates whichis
roughly when its expansion velocity drops to about one half of
the local Keplerian velocity due to the local gravitationalfield of
the central galaxy and cluster,vK (Churazov et al 2000). A new
bubble then begins to grow. This gives a natural bubbling period
f ∝ L−1/2P 1/2v

3/2

K , whereP is the pressure of the intracluster
gas andL is the power of the jet. Now the central cooling time of
many clusters with cool cores levels off at about108 yr within a ra-
dius of 10 kpc (Voigt & Fabian 2004) which implies that (between
clusters)P ∝ T 3/2. If we also assume thatvK ∝ T 1/2 where the
gas temperature isT . Thenf ∝ L−1/2T 3/2 and further scaling
depends onL.

The dependence ofL on T is probably fairly steep. If we
assume that the jet powerL does balance cooling then it is pro-
portional to the X-ray luminosityLcool, within the cooling radius
(where the cooling time equals the cluster age).Lcool is tabulated
for nearby clusters by Peres et al (1998) and using these values and
the cluster temperatures we find (Fig. 2) thatL ∝ T α with α ∼ 4.
Thereforef ∝ T−1/2. As a rough check, the scaling predicts that
radiusR when a bubble separates,R ∝ L1/2P−1/2v

−1/2

K ∝ T .
This scaling result is shown in Fig. 3 with results for individual
clusters drawn from the compilation of Dunn & Fabian (2004).

The luminosity drops out of the dissipation formula (11)
which now varies steeply with temperature;ǫdiss ∝ T 7/2r−2 and
at a given radiusǫdiss/ǫrad ∝ T 2.

Although we have in this Section identified the bubbling fre-
quency as the dominant one, it is likely that the underlying vari-
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Figure 3. The radius of bubbles is shown as a function of the surrounding
temperature. Data are for attached bubbles from the compilation of Dunn &
Fabian (2004). The open point is for A2052 where there appears to be much
cool gas accumulated around the rims (Blanton et al 2003) so the points
may reasonably shift to the right. The dashed line is not a fit but indicates
theR ∝ T relation tentatively derived in the text for the rough radius, R,
at which bubbles detach from the nucleus. Bubbles should therefore only
exist below, or close to, the line.

Figure 4. Heating and cooling rates plotted as a function of temperature for
a pressurenT = 106 cm−3 K and radius of 10 kpc. For the heating rate,
f2
−6L44ξ̄ = 1.

ability of the radio jets occurs at higher frequencies. Mostjets are
not constant as shown by repeated outbursts on small scales (e.g.,
in Perseus A=3C84, Taylor & Vermeulen 1996, see also Reynolds
& Begelman 1997, and in general Zensus 1997). These variations
will be transmitted through to the surface of the bubble leading to
its growth being erratic and a spectrum of high frequency sound
waves being present at small radii, with the bubbling frequency be-
ing the low-frequency cutoff. The steep dependence on frequency
means that higher frequency waves are damped most easily.

As an indication of the temperature dependence of the dissipa-

tion versus radiative cooling we showǫdiss andǫrad as functions of
temperature in Fig. 4. We assume thatf2

−6L44 ξ̄ = 1, r = 10 kpc
andP = nT = 106 cm−3 K which means that if the above scal-
ing is correct, the heating rate in real objects is steeper. The plot
shows that sound wave dissipative heating dominates above about
107 K and radiation dominates below. The process is therefore rel-
evant as an explanation for the truncation of cooling, and thus of
star formation and the total stellar mass, in massive galaxies.

4 DISCUSSION

We have shown that viscous heating of intracluster or intragroup
gas can effectively compete with radiative cooling above gas tem-
peratures of about107 K. Sound waves produced by jets from a
central black hole can thereby shut off cooling in the surrounding
gas and prevent further growth of the central galaxy by accretion
of radiatively cooled gas. This mechanism may explain the upper-
mass cutoff in galaxies since it operates best at high temperatures.

If cooling initially dominated in a cluster core then the tem-
perature profile would have dropped to the local virial one, which
for a NFW potential (Navarro, Frenk & White 1997) approaches
T ∝ r1/2 for the central cusp (i.e. within the central 100 kpc).
Steady heating then applied to this gas will tend to push the gas
outward, lowering its density whereas continued cooling means
that gas flows inward, in both circumstances following closeto the
virial temperature profile. This roughly explains the observed tem-
perature profiles, given that much of the inner few kpc are occupied
by bubbles.

The prevalence of the central X-ray surface brightness peak
characteristic of short radiative cooling times (Peres et al 1998;
Bauer et al 2004)and the remarkable similarity of the cooling time
profiles in many clusters (Voigt & Fabian 2004) suggests thata
good heating / cooling balance is commonly established. This pre-
sumably requires feedback with the central power source, the ac-
creting black hole. How that is established so that the properties of
the gas at say 50 kpc are attuned to those at the black hole accretion
radius of say 100 pc, is not completely clear.

A partial answer can be seen from the following. If the radio
source becomes too vigorous, then most of its power will be de-
posited at large radii beyond the cooling radius both if it becomes
an FRII (as in Cygnus A) or remains an FRI when the associated gi-
ant bubbles (as in Hydra A, Nulsen et al 2004, or MS0735.6+7421,
McNamara et al 2004) create low frequency global disturbances
which dissipate poorly. If the radio source shuts off due to lack of
fuel, then the inner gas will cool and, angular momentum permit-
ting, accrete and provide that fuel. Rapid variations in jetpower will
lead to high frequency disturbances which dissipate rapidly heating
those inner regions. A trickle of cooling and accretion explains the
prevalence of warm optical nebulosity (Crawford et al 1999 and
references therein) and cold gas (Edge 1991) near the centres of
these objects. The inner cooling time of these objects at∼ 108 yr
(Voigt & Fabian 2004) is similar to the dynamical timescale of the
central galaxy.

Continued heating by a central AGN in cluster and group cores
means that the central black hole continues to grow. The total ac-
creted mass can be considerable (see Fabian et al 2002; Fujita &
Reiprich 2004). This may skew the mass – velocity dispersionre-
lation (M −σ) for massive black holes upward at the highest black
hole masses, such as expected of the massive black holes in groups
and clusters.

Finally, we note that a viscous intracluster medium means that
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motions in the cores of relaxed clusters will be damped and, apart
from the regions directly around the inflating and rising bubbles,
or where the dark matter potential or galaxy are sloshing around,
fluid motions should be small and highly subsonic. Measurements
of iron-K emission-line widths with ASTRO-E2 will distinguish
such laminar motions from turbulence (see Inogamov & Sunyaev
2003 for predictions of turbulent profiles).
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