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Summary . | Clusters of galaxiesare the largest relaxed structures in the Univ erse,
and have proven to be among the most important cosmological probes. They are
composed of roughly 85% dark matter, 12% hot gas, and 3% stars and galaxies.
In this chapter, the basic properties of clusters are reviewed. The physics of the
intracluster gas is described in some detail. Gasesat these temperatures (107{108

K) mainly emit X-rays. Many clusters of galaxies have central regions of dense,
cooler intracluster gas called \co ol cores." The properties and physics of cool cores
are reviewed. Clusters are formed hierarchically by mergersof smaller systems. The
basic physics of cluster mergers is discussed. Finally , I describe the phenomena
which occur when clusters with cool cores merge. Mergers may disrupt cool cores.
Cool cores in merging clusters lead to sharp density discontin uities called \cold
fronts" which have proven to be one of the most common features of high resolution
Chandra images of clusters.
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1. { In tro duction

Clusters of galaxiesare the largest relaxed, virialized systemsin the Universe. They
typically contain 10's to 100'sof bright galaxies,and 1000'sof fainter galaxies,in a region
with a radius of � 2 Mpc. The largest clusters have total massesof � 1015 M � . Clusters
are typically somewhat ellipsoidal in shape. In terms of mass, the largest systems in
the Universeform a continuum running from galaxies to groups of galaxies to clusters
to superclusters and �lamen ts. In galaxies,the inner parts of the dark matter potential
are �lled with stars. In groups and clusters, the stars are concentrated into galaxies.
Supercluster and �lamen ts are not generally relaxed systems. Clusters cover the total
massrangeof roughly 1014 M � to 1015 M � . Typically, they have virial radii in the range
of r vir � 1{3 Mpc. Somewhatoutdated reviews of the properties of clusters of galaxies
are given in my book [1] and review article [2]. More recent reviewsinclude [3, 4, 5], and,
of course,the chapters in this volume.

Historically and at present, clusters are among the most important cosmological
probes. In part, this is due to the fact that they occupy a unique and important in-
tersection of physical scales.As mentioned above, they are the largest objects which are
small enough to have come into dynamical equilibrium. Conversely, they are probably
the smallest objects which are big enough to contain a fair sample of the materials in
the Universe,particularly of baryonic and non-baryonic matter.

As cosmologicalprobes,clusters provided someof the earliest and strongest evidence
that we live in a low density Universein which the matter density is too low to closethe
Universe[6], 
 M � �� =� c � 0:3, where �� is the mean density of matter in the Universe,
and � c � 3H 2

0 =(8� G) is the critical density.
This chapter presents material from three lectures at the Enrico Fermi School \As-

trophysicsof Galaxy Clusters" at Villa Monastero in Varenna, Italy on 15-25July 2008.
The three lectures were entitled \The Properties of Clusters and Our Basic Theoretical
Understanding," \The Physics of the Intracluster Gas," and \Co ol Cores in Cluster,
Cluster Mergers, and Outstanding Questions about Clusters." The material in these
three lectures have beencombined in this one chapter.

As much aspossible,comparisonsto observations in this chapter assumethe standard
WMAP cosmology[7], with a Hubble constant of H 0 = 71 km s� 1 Mpc� 1, a ratio of
the massdensity to the critical density of 
 M = 0:27, and the ratio of the dark energy
density to the critical density of 
 � = 0:73.

2. { Prop erties of Clusters and Our Basic Theoretical Understanding

2.1. Dark Matter in Clusters. { Although historically clusterswere�rst seenasstrong
concentrations of galaxies in the optical, we now know that galaxies and stars form a
small fraction of the massof clusters (� 3%). Most of the visible baryonic mass is hot
intracluster gas (� 12% of the total mass). The bulk of the mass is in dark matter
(DM), which typically contains � 85% of the mass[8, 3, 9]. The proportions of baryonic
and dark matter in clusters are similar to those determined from measurements of the



Basic Pr oper ties of Clusters of Galaxies and The Physics of the Intra cluster Gas 3

10 100 1000
0.0001

0.001

0.01

0.1

1

10

100

1000

r (kpc)

NFW Model

King Model 

Fig. 1. { Solid curve shows an NFW (eq. 1, [14]) density pro�le with a scaling radius of r s = 400
kpc. The dashedcurve is the analytic \King" density pro�le with a core radius of r c = 200 kpc.
The density scalesare arbitrary .

Cosmic Microwave Background [7]. Clusters were the �rst extragalactic systemswhich
werefound to be dominated by dark matter [10,3], and haveprovided someof the earliest
and strongest evidencethat we live in a Universe in which the mass is predominately
dark matter [8, 3].

Clusters have alsoprovided someof the strongest and most direct evidenceabout the
nature of dark matter. The X-ray, galaxy, and weak lensing distributions in the merging
Bullet Cluster 1E0657� 56 have shown that the gravitational lensing is centered on the
distribution of galaxies,rather than hot gasdistribution [11, 12, 13]. Sincethe majorit y
of the baryons are in the hot gas, this indicates that most the mass in the cluster,
which is due to dark matter, must be non-baryonic. During a merger, the gas motion
is impeded by ram pressure forces, since the gas is a collisional 
uid. The galaxies
are nearly collisionless. The fact that the dark matter moves in the same manner as
the galaxies indicates that the dark matter is made up of collisionlessparticles. Also,
the dark matter cannot have large, nongravitational motions; the majorit y of the dark
matter must be \cold". This is completely consistent with the Cold Dark Matter (CDM)
hypothesiswhich is the basisfor much of our current understanding of cosmology, large-
scalestructure, and extragalactic astronomy [3].

2.1.1. Spatial Distribution of Dark Matter in Clusters. Numerical simulations suggest
that the dark matter distribution in clusters should have a power-law drop o� at large
radii, and a 
atter power-law at small radii [14]. Thus, the dark matter distribution
should have a cusp at the center of the cluster. The NFW dark matter pro�le (�g. 1,
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[14]) has

� DM (r ) = � s

" �
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r s
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1 +

r
r s

� 2
#� 1

;(1)

where r s and � s are the characteristic scaling radius and density, respectively. The DM
massin a clusters within a radius r is then

M DM (r ) = 4� � sr 3
s
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�
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r
r s

�
�

�
r

r + r s

��
:(2)

It is useful to de�ne a concentration parameter c as c � r vir =rs, where r vir is the virial
radius of the cluster. Typically, c � 5 for clusters, and rough values of the radii are
r vir � 2 Mpc and r s � 400 kpc.

The NFW pro�le is consistent with massdistributions derived from the distribution
of the hot gas,from the galaxy distributions and velocities, and from weak gravitational
lensing [15, 16].

2.1.2. Sizesof Clusters. The NFW pro�le (or any other self-similar DM pro�le) de-
pends on the scaledensity � s and the scaleradius r s = r vir =c. For a cluster of a given
mass,eq. (2) can be used to determine the the scaledensity � s if the sizeof the cluster
is known. However, one needsto know the virial radius r vir (or scaleradius r s = r vir =c
of the cluster.

There is a simple argument which givesthe sizesof clusters with moderate accuracy.
This simple picture is sometimescalled the \Spherical Top Hat" model. In this model,
one treats the formation of a cluster as equivalent to the collapseof a isolated, spherical
region of overdensity in the Universe. By Birkho� 's Theorem, the gravitational �eld
only dependson the massinterior to the radius for any sphericalsolution. Thus, onecan
treat the cluster asan individual \univ erse". In the Top Hat model, oneassumesfurther
that the density within the protocluster is uniform. Then, in the absenceof dark energy,
such a perturbation evolvesin the sameway as a universewith the samedensity would
evolve. The perturbation in density associated with the protocluster will grow in time,
and will collapsewhen the density within the perturbation reaches the critical density
at that time,

� = � crit (zf ) �
3H 2(zf )

8� G
:(3)

where zf is the redshift at which the cluster forms, and H (zf ) is the value of the Hubble
constant at that redshift. If the cluster density is uniform, then the entire cluster will
collapse at the same instant, and the protocluster will be stationary at the moment
when the whole cluster turns around and collapses.Then, its energy is purely potential
energy, and is given by E = � (3=5)GM 2=rm , where rm is the maximum radius of the
protocluster (the value at turnaround). After the cluster has recollapsedand virialized,
the Virial Theorem implies that the energy will be E = (1=2) PE = � KE, where PE
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and KE are the potential and kinetic energy, respectively. Combining this result with the
standard Einstein{deSitter cosmologicalsolution implies that the averagedensity within
the virial radius of the cluster is

h� (< r vir )i = � v � crit (zf ) = 18� 2� crit (zf ) � 180� crit (zf ) :(4)

The previous arguments don't apply exactly to a universe with dark energy, but the
result for a 
at universewith a cosmologicalconstant is [17]

� v � 18� 2 � 82
 � � 39
 2
� :(5)

Thus, � v � crit (zf ) = 3M =(4� r 3
vir ). Then, the virial radius of a cluster is given by

r vir =
�

3M
4� � v � crit (zf )

� 1=3

/ M 1=3 [� crit (zf )]� 1=3 � 2:6
�

M
1015 M �

� 1=3

;(6)

where the latter numerical value applies to the present-day Universe,zf = 0.
One should note that a number of di�eren t cluster radii are in common use. For

example, there are versions of the virial radius based on the argument given above,
which are often written asr 180 or r200 , where, for example,h� (< r 200)i � 200� crit . There
are also similar valuesscaledto the current massdensity of the Universe,� m = 
 M � crit ,
rather than the critical density. Smaller radii more appropriate to studies of the central
regions of clusters are also often used; examplesare r 2000 or r500 , where, for example,
h� (< r500)i � 500� crit .

In general, for any given de�nition of the radius of a cluster, one expects that the
radius will scaleapproximately with the massas r / M 1=3.

2.2. Galaxy Content of Clusters. { Although they represent only a small fraction of
the mass of clusters, galaxies are the component of clusters which was observed �rst.
The term \ric hness" is often usedto denotea measureof the total number of galaxiesor
total massof galaxiesin a cluster.

The individual galaxiesin clusters have a range of massesand luminosities, with the
brightest and most luminous galaxiesbeing lesscommon than the lessmassive galaxies.
The distribution of galaxies with di�eren t luminosities is described by the luminosity
function n(L opt ), where n(L opt ) dLopt gives the number of galaxies with optical lumi-
nosities in the range L opt to L opt + dLopt . In many cases,galaxy luminosity functions
are approximated by the Press-Schechter function [18]

n(L opt ) dLopt = N �
�

L opt

L �

� � �

exp
�

�
L opt

L �

�
dLopt ;(7)

whereL � is a characteristic luminosity of the galaxies,and N � is a measureof the richness
of the cluster. Typical valuesof exponent are � � 1:25. For � � 1, the total number of
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galaxies formally divergesas L opt ! 0. However, the total galaxy luminosity normally
converges.

Rich clusters primarily contain \early-t ype" galaxies, which are elliptical (E) and
lenticular (S0) galaxies. Clusters are de�cient in spiral (Sp) galaxies, particularly near
their centers. Another way of characterizing the galactic population of clusters is that
the galaxiesmainly contain a very old stellar population; the elliptical galaxiesin clusters
are often described as \red and dead". This implies that these galaxiescontain mainly
old, low mass(�< 1M � ), red stars, and have very low rates of current star formation.

Clusters of galaxiesoften contain very large elliptical galaxies,which are located very
near the centers of relaxed clusters. These galaxies generally referred to as \brigh test
cluster galaxies" (BCGs). Someof the BCGs are cD galaxies,which have very extensive
outer envelopes. The cD galaxieshave very large luminosities L opt �> 10L � , which are
unlikely to occur given the normal galaxy luminosity function (eq. 7). It is generally
assumedthat these galaxies form at the centers of denseregions in the early Universe,
and that they are producedby the mergerof smaller galaxies. Although theseBCGs are
elliptical galaxies in clusters, they are also unusual in that a fraction of them (those at
the centers of cool core clusters) contain signi�can t massesof cooler gasand have large
star formation rates. Thesecool core BCGs are discussedin more detail below in x 4.

In addition to the stars locatedin galaxies,clusterscontain a population of intracluster
stars which were probably stripp ed from galaxies.

The velocities of galaxiesin clusters have a complex distribution, but in regular clus-
ters the observed distributions of line-of-sight velocities are roughly gaussianin form.
The distribution can be characterized by the radial velocity distribution � gal . Typical
valuesare � � 1000km s� 1.

The spatial distributions of galaxiescan generally be represented by the NFW form
(eq. 1, �g. 1). In clusters with a central BCG, it probably is more sensibleto discuss
the distribution of galaxy massor luminosity, rather than that of galaxy number, since
this onegalaxy is much brighter than typical galaxiesand may have formed by accreting
other galaxies. In the past, galaxy distributions in clusters were often modeled using a
function with a constant density core (�g. 1),

ngal (r ) = ngal ;0

"

1 +
�

r
r c

� 2
#� 3=2

;(8)

where ngal ;0 is the central galaxy number density and r c is the core radius. Typically,
r c � r s=2 � 200 kpc. However, the small number of bright galaxiesnear the center of
a cluster meansthat the center is di�cult to determine accurately. If the actual galaxy
distribution has a cusp like the NFW pro�le but the center is located inaccurately, the
resulting projected pro�le will appear to have a core. In a cluster with a BCG very near
the cluster, its center can be usedto estimate the center of the galaxy distribution, but as
noted above, it is probably more sensibleto discussthe distribution of stellar luminosity
rather than galaxy number in clusters with a BCG. In this case,clusters with a center
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BCG will generally have a cuspy distribution in the luminosity distribution due to the
BCG.

2.3. Intr acluster Medium. { The intracluster medium (ICM) consists of a mix of
thermal plasma, magnetic �elds, and relativistic particles which �ll the spacewithin
clusters.

One of the more surprising results from X-ray astronomy is that the great volumes
of spacebetweengalaxiesin clusters of galaxiesare not empty, as they appear in optical
images. Instead, they are �lled with a di�use, hot plasma, with typical temperatures of
T � 107 � 108 K, which givesthermal energiesof kT � 1 � 10 keV. At this temperature,
the sound speed in the gas is comparable to the orbit velocities of the galaxies in the
cluster, which is consistent with the gasbeing in hydrostatic equilibrium with the same
gravitational potential asbinds the galaxies. This intracluster medium is highly rare�ed,
with electron number densitiesof ne � 10� 4 � 10� 2 cm� 3. At least on large scales,the
gas is stably strati�ed, with the density decreasingwith increasing radius r . The gas
extends out to distancesof r �> 2 Mpc from the cluster center. The total massof hot
gasis typically M gas � 1014 M � ; this massexceedsthe total massof all the galaxiesin a
typical rich clusters, although even more of the massis in the form of dark matter. The
gasconsistsprimarily of hydrogen and helium, but also contains heavier elements (e.g.,
oxygen and iron) with abundanceswhich are roughly one third of those in the Sun.

At temperatures of 106 � 108 K, the dominant radiation mechanism of a plasma is X-
ray emission. As a result, clustersof galaxiesare generallyvery luminous X-ray emitters,
with luminosities of L X � 1043 � 1045 ergs s� 1. Clusters are secondonly to quasarsas
the most luminous X-ray sourcesin the Universe,and are the most luminous extended
sources.While X-ray emissionis the primary observational diagnostic for the intracluster
medium, the ICM has a number of other important physical e�ects. It con�nes and
distorts radio galaxieswithin the cluster. The cosmicray and magnetic �eld components
of the intracluster medium can also produce di�use radio emission. The ICM can strip
interstellar gasfrom galaxiesas they move through the cluster. Intracluster gascools at
the centers of many clusters,producing lower temperature gas. If the ICM contains dust,
the dust will be strongly heated by the plasma, and may emit strongly in the infrared.
The ICM also has a number of opacity e�ects; for example, it scatters and heats the
cosmic background radiation which passesthrough it. The magnetic �eld in the ICM
leadsto Faraday rotation and depolarization (x 3.3.2).

2.4. The Mass Function of Clusters. { Clusters of galaxiesare rare, massive objects
in the Universe. The greater the mass of the cluster, the rarer they are. How many
clusters are there, and how does their number density depend on their mass? The
integrated massfunction of clusters n(M ; z) is de�ned such that n(M ; Z ) givesthe gives
the number of clusters with mass� M per unit volume at redshift z. Usually, the mass
function is de�ned per comoving volume, which removesthe e�ect of the expansionof the
Universe. At present, the best theoretical determinations of the massfunction comefrom
numerical simulations. However, there is a simple argument which gives the shape and



8 Craig L. Sarazin

Fig. 2. { Example of a cluster merger tree from [19]. The �gure gives the acculmulation of the
mass M as a fraction of the �nal cluster mass M 0 = 1015 h� 1 M � as a function of the cosmic
time as a fraction of the current age of the Univ erse. This tree wass computed for an open
model Univ erse(
 M = 0:3, 
 � = 0).

normalization of the massfunction with reasonableaccuracy. This Press-Schechter (PS)
massfunction [18] assumesthat clusters and all other large structures grow from small
density 
uctuations in the early Universe,and that these 
uctuations have a gaussian
distribution. The size of the 
uctuations can be characterized by � M (z), which gives
the variance in the density and thus amplitude of the 
uctuation �eld when averagedon
spatial scaleswhich correspond to an averagemassof M . The PS formalism assumes
that the 
uctuations are larger on smaller scales,so that @� M =@M < 0. The spherical
Top Hot model (x 2.1.2) is usedto calculate the collapseof individual 
uctuations. Thus,
individual 
uctuations collapsewhentheir density hasgrown to exceedthe critical density
� crit (z) at that epoch. It is easierto treat the evolution of the spectrum of 
uctuations
in the linear limit when they are very small, and usethe Top Hat approximation to deal
with the non-linear evolution. Thus, one de�nes � c as the critical linear overdensity for
collapse. In an Einstein-deSitter universe,the critical overdensity is

� c =
3
5

�
3�
2

� 2=3

� 1:69:(9)

For other cosmologies,� c depends on the redshift z and the cosmology. With these
assumptions,the Press-Schechter di�eren tial massfunction is given by

dn(M ; Z )
dM

=

r
2
�

��
M 2

� c

� M (z)

�
�
�
�
d log � M (z)

d log M

�
�
�
� exp

�
�

� 2
c

2� 2
M (z)

�
;(10)

where �� is the mean density of the Universeat the present epoch.
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The amplitude of the 
uctuation spectrum is usually characterizedby giving � 8 which
is the present value of � M (z = 0) on a spatial scaleof 8h� 1 Mpc. Here, h � (H0=100
km s� 1 Mpc� 1). Over a narrow range of scales,the power spectrum of 
uctuations is
well-represented as a power-law, P(k) / kn , where k is the wavenumber. Then, the
amplitude of the 
uctuations on a massscaleM is � M = � 8(M =M 8)� , where M 8 is the
averagemasscontained in a scaleof 8h� 1 Mpc, and � = (n + 3)=6.

Becauseof the exponential term in eq. (10), the massfunction falls o� very rapidly
with increasingmassfor the large massesof clusters. As a result of this, the number den-
sity of clustersshould depend very strongly on redshift and cosmology, and is exquisitely
dependent on the amplitude of 
uctuations, � 8. This means that the abundance of
clusters provides a very strong test of cosmologyand large scalestructure (e.g., [3]).

2.5. The Formation of Clusters | Mergers and Accretion. { Clusters of galaxies
form hierarchically, with smaller objects (galaxies and groups of galaxies) forming �rst.
Gravit y pulls theseobjects together to form clusters. Simulations of large scalestructure
formation show that in the standard Lambda CDM cosmology, clusters mainly form
within �lamen ts of enhanceddensity, and that the largest clusters often form at the
intersection of these�lamen ts. Clusters form through a mixture of morecommonmergers
with small objects, and rarer mergerswith larger clusters. Figure 2 shows the merger
history of a large simulated cluster. Clearly there are both large and small mergers. It is
conventional to divide thesee�ects into \ma jor mergers" (say, massratios greater than
1:3) and minor mergersor \accretion" (smaller massratios. Figure 2 also illustrates that
clusters have formed in the past, but are also forming currently .

Obviously, the formation of clusters and their merger histories are most accurately
treated within full cosmologicalsimulations of large-scalestructure. However, as was
true with the Press-Schechter massfunction of clusters(eq. 10), there are simple analytic
arguments which capture many of the essential features of cluster merger histories (e.g.,
[20]). Generally, onemakesthe sameassumptionsasmotivated the Press-Schechter mass
function (eq. 10), and additionally posits that when two DM halosare contained within a
larger halo, and that large halo reachesthe critical density, then the two halosmergeinto
the larger halo. With theseassumptions,the merger rate of clusters of massM merging
with clusters of massM 0 � M to form a cluster in the massrange M 0 to M 0 + dM 0 is
given by

Rate(M ! M 0; t) dM 0 =

r
2
�

�
�
�
�
d� c(t)

dt

�
�
�
�

1
� 2

M 0

�
�
�
�
d � M 0

dM 0

�
�
�
�

�
1 �

� 2
M 0

� 2
M

� � 3=2

(11)

� exp
�
�

� 2
c (t)
2

�
1

� 2
M 0

�
1

� 2
M

��
dM 0:

Figure 2 shows an exampleof a merger tree calculated with eq. (11) from [19].
Major cluster mergersare remarkable collisions; they are the most energetic events

in the Universesince the Big Bang. During a major merger of two large clusters (each
with a mass� 1015 M � ) merging at a relative velocity of � 2000km s� 1, the total energy
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Fig. 3. { Ionization fractions of iron ions from Fe XVI I (Fe+16 ) to Fe XXVI I (Fe+16 , fully
stripp ed iron) as a function of temperature in collisional ionization equilibrium. The ions with
even charges have solid curves, while the ions with odd charges have dashed curves. Note that
the gas becomesmore ionized as the temperature increases.

releasedis � 2� 1064 ergs,of which � 2� 1063 ergsmay be dissipated in the intracluster
gasby merger shocks.

3. { Ph ysics of the In tracluster Gas

In this chapter, I will review the physical state and X-ray emissionprocessesof the
ICM (x 3.1 & 3.2). The ICM is shown to act as a 
uid in S 3.3. In x 3.4, the transport
properties of the gas,particularly thermal conduction, are discussed.The hydrodynam-
ical equationsfor the ICM are given in x 3.5. Models for the distribution of the gas,and
the use of the gas to determine the total massdistributions of clusters are described in
xx 3.6 and 3.6.4. The heating and cooling processesin the ICM are discussedin x 3.7.

3.1. Physical State of the Intr acluster Gas: Local Thermal State. { At the very high
temperatures of the intracluster gas, the gas is very highly ionized, but not completely
so for the heavy elements. Thus, to describe the local thermal state of the gas,we need
to specify three things. First, there are the motions of free particles (electronsand ions),
or the kinetic state of the gas. Then, we need to give the ratios of electrons which are
free to those which are bound to ions, or the ionization state of the gas. Finally, for the
bound electrons,we needto which energy levels they occupy; this is the excitation state
of the gas.

3.1.1. Kinetic Equilibrium. If Coulomb collisions are su�cien tly rapid, the free parti-
clesin the gas(freeelectron, freeproton, and ions) will bebrought into kinetic equilibrium
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and develop a Maxwellian distribution. The time scale for a particle of mass m1 and
charge Z1e to collide with �eld particles of mass m2 and charge Z2e with a number
density of n2 in a Maxwellian distribution at a temperature T is [21]

teq(1; 2) =
3m1

p
2� (kT)3=2

8�
p

m2n2Z 2
1 Z 2

2 e4 ln �
:(12)

Here, ln � � ln(bmax =bmin ) � 40 is the Coulomb logarithm, and bmin and bmax are
the minimum and maximum impact parameters for Coulomb collisions in the gas. The
Coulomb logarithm has a weak (logarithmic) dependenceon density and temperature,
but is nearly constant under ICM conditions. Coulomb collisions betweenelectronswill
bring the electrons into equilibration (an isotropic Maxwellian velocity distribution) on
a time scaleof roughly

teq(e;e) � 2 � 105 yr
�

T
108 K

� 3=2 � ne

10� 3 cm� 3

� � 1
yr :(13)

The time scale for protons to equilibrate among themselves is teq(p;p) � (mp=me)1=2

teq(e;e), or roughly 43 times longer than the value in eq. (13). Following this time, the
protons and ions would each have Maxwellian distributions, but generally at di�eren t
temperatures. The time scalefor protons to collide with electronsand exchangeenergy
is teq(p;e) � (mp=me)teq(e;e), or roughly 1870 times the value in eq. (13). The time
scale for the electrons and protons to come into equipartition (equal temperatures) is
roughly one half of teq(p;e) [21].

Under typical conditions in the intracluster gas,thesetime scalesare teq(e;e) � 105 yr,
teq(p;p) � 4 � 106 yr, and teq(p;e) � 2 � 108 yr. Most clusters have existed for �> 109 yr,
soonewould expect the gasto generally be in kinetic equilibrium, with the distributions
of free particles being isotropic Maxwellians. Moreover, the electrons and ions should
generally be in equipartition, with a commonkinetic temperature T = Te = Tp. Possible
exceptionsmight be the outermost regionsof clusters (where the gasdensity is low), or
regionswhere the gasproperties have changedrapidly, such as shocks [22].

3.1.2. Collisional Ionization Equilibrium. The main ionization processin the intra-
cluster gas is collisional ionization,

e� + X + i ! e� + e� + X + i +1 :(14)

The main recombination processesare radiativ e and dielectronic recombination,

e� + X + i +1 ! X + i + photon(s) :(15)

Here, X + i represents someelement X which has beenionized i times. Note that neither
radiativ e nor dielectronic recombination (eq. 15) are the inverseof collisional ionization



12 Craig L. Sarazin

Fig. 4. { Model X-ray spectrum of a cluster of galaxies. The cluster wasassumedto be isothermal
at T = 8 � 107 K in its outer regions, and to have a large amount of cool gas (a cool core) in its
inner regions.

(eq. 14), which implies that the ionization state in the intracluster gas is not that in
thermodynamic equilibrium (the Sahaequation).

Let C(X i ; T ) be the rate coe�cien t for collisional ionization out of the ion X i (eq. 14),
while � (X i ; T ) is the rate coe�cien t for recombination to the ion X i (eq. 15). If the
gas starts in a lower ionization state than in equilibrium, it will be ionized up towards
equilibrium on a time scaleof roughly

t ion �
�
C(X i ; T )ne

� � 1
� 3 � 108

�
C(X i ; T )

10� 13 cm3 s� 1

� � 1 � ne

10� 3 cm� 3

� � 1
yr :(16)

In general,the collisional ionization rates are high enoughthat onewould expect he ICM
to usually be in collisional ionization equilibrium. Again, possibleexceptionsmight be
the outermost regionsof clusters (where the gasdensity is low), or regionswhere the gas
properties have changedrapidly, such as shocks.

In collisional ionization equilibrium, the rates of collisional ionization and radiativ e
and dielectronic recombination balance,which implies that

�
C(X i ; Tg) + � (X i � 1; Tg)

�
n(X i ) = C(X i � 1; Tg)n(X i � 1) + � (X i ; Tg)n(X i +1 ) :(17)

Here, n(X i ) is the number density of the X i ion. Note that, unlike thermodynamic
equilibrium (Saha equilibrium), the state of ionization in collisional ionization equilib-
rium is independent of density, and only depends on the electron kinetic temperature
T . The ionization fractions of highly ionized speciesof iron are shown as a function of
the temperature in �g. 3. Generally, the fraction of each ion reaches a maximum at a
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temperature that is somefraction of its ionization potential. At the temperatures which
predominate in clusters, iron is mainly in the fully stripp ed, hydrogenic, or heliumlike
stages.

3.1.3.Excitation Equilibrium. For ionswith bound electrons,the population of excited
states are determined mainly by a balancebetweencollision excitation by free electrons
and radiativ e de-excitation. In general,the spontaneousradiativ e de-excitation rates are
much higher than the excitation rates, and the electronsare almost always found in the
ground level. The population of excited states are much lower than would be expected
in thermodynamic equilibrium (Boltzmann distribution). Collisional de-excitation rates
are much lower than radiativ e de-excitation rates; this means that there are no X-ray
spectral diagnosticswhich determine the local density in the gas.

3.2. X-r ay Emission. { The X-ray emissionof the intracluster gas is mainly due to
thermal bremsstrahlungand line emission. There are smaller contributions of continuum
from bound-free (recombination) emission and from two-photon decays of 2s levels in
hydrogenic and helium-like ions.

The emissivity due to thermal bremsstrahlung (free-freeemission) is given by

� f f
� =

25� e6

3mec3

�
2�

3mek

� 1=2

neT � 1=2 exp(� h� =kT)
X

i

Z 2
i ni gf f (Z i ; T; � ) ;(18)

where the emissivity � � is de�ned as the emitted energy per unit time, frequency, and
volume. The sum is over the various ions in the plasma, but is dominated by hydrogen
and helium for Solar abundances. The Gaunt factor gf f (Z i ; T; � ) corrects for quan-
tum mechanical e�ects and for the e�ect of distant collisions, and is a slowly varying
function of frequency and temperature. As a result, the dominant dependenceof the
free{free emissivity on frequency is the Boltzmann exponential factor, and the main de-
pendenceson temperature are this factor and the square{root factor T � 1=2. Thermal
bremsstrahlungproducesa roughly exponential continuum component in the X-ray spec-
trum. At high temperatures T �> 3 � 107 K, thermal bremsstrahlung is the dominant
emissionmechanism.

At lower temperatures, the main X-ray radiation is from lines. The strongest line
feature observed from most clusters of galaxies is the complex of iron Fe K� lines at
about 6.7 keV. This line feature is actually a blend of lines from iron ions (mainly Fe+24

and Fe+25 ) and weaker lines from nickel ions. The notation \K � " gives the principal
quantum number n of the lower level of the transition and the change in the principal
quantum number � n � n0 � n, where n0 is the principal quantum number of the upper
level of the transition. K indicates that the lower level is in the K-shell (n = 1), L
indicates the lower level is in the L-shell (n = 2), and so on, while � indicates that
� n = 1, � indicates that � n = 2, etc. In addition to the Fe K line complex, the X-ray
spectra of clustersof galaxiescontain a large number of lower energylines. Theseinclude
the K lines of the common elements lighter than iron, such as C, N, O, Ne, Mg, Si, S,
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Ar, and Ca, as well as the L lines of Fe and Ni. Theselines becomevery strong at lower
temperatures (T �< 107 K),

As a illustration, Figure (4) shows the predicted X-ray spectrum of an X-ray cluster
[23]. The model cluster is isothermal in its outer regions(with a temperature of 8 � 107

K), and hasa cool coreat its center. The �gure shows the overall exponential continuum
from thermal bremsstrahlung, the Fe K lines at about 7 keV (which come mainly from
the region of the cluster outside of the cool core), and the lower energy lines from the
cool core.

Most X-ray lines are excited by collisional excitation by electrons,although radiativ e
and dielectronic recombination and inner shell collisional ionization alsoplay a role. The
emissivity due to a collisionally excited line is usually written [24]

Z
� line

� d� = n(X i )ne
h3� 
( T )B
4! gs(X i )

�
2

� 3m3
ekT

� 1=2

e� � E =kT ;(19)

where h� is the energy of the transition, � E is the excitation energy above the ground
state of the excited level, B is the branching ratio for the line (the probabilit y that the
upper state decays through this transition), and 
 is the `collision strength', which is
often a slowly varying function of temperature.

The intracluster gasis almost certainly in collisional ionization equilibrium (x 3.1.2);
under thesecircumstances,the ionization fractions depend only on the electron temper-
ature T , and are independent of the density of the gas. Then, the density of any ion is
just proportional to the proton density in the gas times the abundanceof the relevant
element relative to hydrogen. Thus, all of the X-ray emissionprocessesin the gasscale
with the product npne of the proton and electron densities, respectively. If L � is the
X-ray luminosity per unit frequencyemitted by a cluster, then this can be written as

L � = � � (T; Abundances)
Z

nenp dV ;(20)

where the integral is over the volume V of the cluster. The emissivity is � � = � � nenp,
where � � dependsonly on the temperature and the abundancesof the heavier elements
relative to hydrogen. Similarly, the X-ray surfacebrightnessis given by

I � = � � (T; Abundances)
Z

nenp dl :(21)

Here, the integral is along the line of sight distance l through the cluster.
The emissivity of a line is then proportional to the squareof the density and to the

abundanceof the relevant element, and dependssigni�can tly on the electron temperature.
Becausethe thermal bremsstrahlung emissivity also is proportional to the squareof the
density (eq. 18), the ratio of line emissionto thermal bremsstrahlungcontinuum emission
is independent of density. Line ratios or the shape of the X-ray continuum spectrum can
be usedto derive a temperature for the gasin a cluster. Then, the ratio of line emission
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to thermal bremsstrahlung continuum emissioncan be usedto determine the abundance
of the heavy element responsible for the line.

3.3. The Intr acluster Medium as a Fluid . {

3.3.1.Mean FreePaths. The meanfreepaths of electronsand ions in a plasmawithout
a magnetic �eld aredeterminedby Coulomb collisions[21]. The electronsin a Maxwellian
plasma undergo Coulomb collisions in a time which is a factor of

p
me=mp shorter than

the protons (x 3.1.1). On the other hand, the electronsmove faster by the inverseof this
factor. Thus, the mean free paths of electronsand protons are essentially equal, with

� p = � e =
33=2(kT)2

4� 1=2nee4 ln �
� 23

�
T

108 K

� 2 � ne

10� 3 cm� 3

� � 1
kpc:(22)

These mean free paths are smaller than most scalesof interest in clusters; they are
only about 1% of the radius of a cluster (� 2 Mpc). Thus, it is reasonableto treat the
ICM as a 
uid under most circumstances.The 
uid approximation might breakdown in
the outer parts of a cluster (where the lower density increases� e), in interactions with
galaxies (whose sizesare comparable to � e), if the ICM is very inhomogeneous,or in
sharp transitions in the ICM properties at shocks or cold fronts (x 5.3 & 6.2).

3.3.2. Magnetic Fields and Gyroradii. In any case, the ICM apparently contains a
signi�can t magnetic �eld, with typical valuesof B � 1 � G. (Seethe chapter by Rephaeli
for more details concerningthe magnetic �eld in clusters.) Stronger �elds occur in some
smaller volumes of clusters. These �elds are probably too weak to be very important
dynamically, as the magnetic pressure,PB = B 2=(8� ), is much smaller than the typical
gas pressures. However, the magnetic �eld does very strongly e�ect the microscopic
motions of electrons and ions. In the presenceof a magnetic �eld, electrons and ions
follow helical orbits, gyrating about magnetic �eld lines. The gyroradii of electronsand
ions in cluster magnetic �elds are very small. For example, the gyroradius of a typical
electron is

rg � 3 � 108
�

T
108 K

� 1=2 �
B

1 � G

� � 1

cm:(23)

These very small gyroradii probably insure that the ICM acts as a 
uid even when the
Coulomb mean free paths are long.

3.4. Transport Processes. { The fact that the mean free paths are small but �nite
implies that the local properties of the gaswill be in
uenced by the properties of the sur-
rounding gas through di�usiv e processes,also called transport processes.These include
the thermal conduction of heat energy in non-isothermal gases,the viscoustransport of
momentum, and the di�usion and settling of heavy elements within the intracluster gas.
I will concentrate on thermal conduction here; viscosity and di�usion are discussedin
[1].
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3.4.1. Thermal Conduction. In a plasma with a gradient in the electron temperature,
heat is conducteddown the temperature gradient. If the scalelength of the temperature
gradient lT � T=j ~r T j is much longer than the mean free path of electrons, lT � � e,
then the heat 
ux is given by

~Q = � � ~r T ;(24)

where the thermal conductivit y for a hydrogen plasma is [21]

� = 1:31ne� ek
�

kTe

me

� 1=2

(25)

� 4:6 � 1013
�

Te

108 K

� 5=2 �
ln �
40

� � 1

ergcm� 1 s� 1 K � 1 :

Becauseof the inversedependenceon the particle mass,thermal conduction is primarily
due to electrons. If the very weak dependenceof ln � on density is ignored, then � is
independent of density but dependsvery strongly on temperature.

If heat conduction operatesat this \Spitzer" rate, then the gasin the central regionsof
clusters is likely to be isothermal. In addition, heat conduction would be very important
at and would tend to eliminate any large local temperature gradients, such as appear to
occur in the cool coreof clustersor near cold fronts (x 6). On the other hand, the rate of
thermal conduction along a thermal gradient perpendicular to the magnetic �eld is very
low, as a result of the small gyroradii of electrons (eq. 23). Thus, transverseor tangled
magnetic �elds may be able to suppressthermal conduction in clusters, at least in some
regions. The existenceof very steep temperature gradients in cold fronts has beenused
to argue that heat conduction is suppressedby factors of �> 102 in theseregions(x 6.2).

3.5. Hydrodynamics. { In the 
uid limit, the ICM can be characterized by the local
valuesof the gasdensity � , the gaspressureP, the gastemperature T or internal energy,
and the gasvelocity ~v. The gaspressureis determined by the ideal gas law

P =
�k T
�m p

;(26)

where� is the meanmassper particle in terms of the massof a proton mp. The dynamical
equation for a single component 
uid is [25]

�
D~v
Dt

+ ~r P + � ~r � = 0;(27)

where � is the gravitational potential, and D=Dt is the Lagrangian derivative with
respect to time. Equation (27) ignoresnon-gravitational forces,such asmagnetic stresses
or viscosity. The continuit y equation (massconservation) is [25]

@�
@t

+ ~r � (� ~v) = 0:(28)
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There is also an equation giving the variation in the energy in the 
uid. However, it is
simpler to give this equation in terms of the entropy in the gas,S. A useful quantit y to
consider is the speci�c entropy per particle in the gas, s � S=N , where N is the total
number of particles. To within additiv e constants, the speci�c entropy of an ideal gas is

s =
3
2

k ln
�

P
� 5=3

�
=

3
2

k ln
�

T
� 2=3

�
:(29)

To avoid the logarithmic character of the entropy, it is conventional to de�ne an \entropy
parameter" K as

K �
kT

(ne)2=3
:(30)

with units of keV cm2. Thus, s / ln K . Then, the equation for the change in the gas
entropy can be written [25]

�
�m p

k
Ds
Dt

= H � L ;(31)

where H and L are the rate of heating and cooling per unit volume in the gas. In the
absenceof irreversibleprocesseslike heating or cooling or shocks, the speci�c entropy of
a parcel of gasis constant.

3.6. Hydrostatic Equilibrium . { Unlessit is disturb ed in someway, one would expect
the gas in a cluster to relax into hydrostatic equilibrium on roughly the sound crossing
time of the cluster,

ts �
D
cs

� 6:6 � 108 yr
�

T
108 K

� � 1=2 �
D

1Mpc

�
:(32)

Here, D is the diameter of the cluster, and cs is the sound speed. Sincethis time scaleis
shorter than the ageof a typical cluster, which is a fraction of the Hubble time, the gas
in many clusters should be closeto hydrostatic equilibrium. Exceptions would include
clusters which are undergoing or have recently undergonea major merger, and regions
of a cluster where an AGN has injected energy recently .

In hydrostatic equilibrium, the pressureforcesbalancegravit y:

~r P = � � ~r � ;
1
�

dP
dr

= �
GM (r )

r 2 ;(33)

where M (r ) is the total cluster masswithin r , and the secondform assumesspherical
symmetry. Becauseeq. (33) gives a single relation for two gas properties (density and
pressure), one must also specify the entropy distribution of the gas to determine its
distribution.
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3.6.1. Isothermal Models. A very simple model follows if the gas is assumedto be
isothermal (T = constant); isothermality might result if thermal conduction weree�cien t
in the cluster (x 3.4.1). Then, the solution of the hydrostatic equation is

ln
�

� (r )
� 0

�
=

�m p

kT
[� 0 � �( r )] ;(34)

where � 0 and � 0 are the central valuesof the the gasdensity and gravitational potential,
respectively. Note that the gasdensity will generally go to a �nite value as r ! 1 .

As discussedabove (x 2.1.1), numerical simulations and observations suggestthat the
dark matter distributions in clusters should have a power-law drop o� at large radii, and
a 
atter power-law at small radii. One standard form is the NFW [14] density pro�le
(eq. 1). If this distribution applies to the sum of all the matter in a cluster, then the
potential is

�( r ) = � 0

ln
�

1 + r
r s

�

r
r s

;(35)

and the central potential is � 0 = � 4� G� sr 2
s .

However, in the past the dark matter and/or galaxy distributions in clusters were
modeled using a function with a constant density core (x 2.2), such as the analytic King
model (eq. 8, �g. 1), If this form is assumedfor the total matter density in a cluster, or if
it applies to the galaxy distribution, and the galaxieshave an isotropic gaussianvelocity
distribution, then the resulting gasdensity distribution is the \b eta model" [26]

� (r ) = � o

"

1 +
�

r
r c

� 2
#� 3� =2

:(36)

If the gas is isothermal, then this density distribution givesan X-ray surfacebrightness
distribution of the form

I X (r ) = I o
X

"

1 +
�

r
r c

� 2
#� 3� +1 =2

:(37)

This beta-model provides a reasonable�t to the X-ray surface brightness in the outer
regions of many cluster, with a typical value of � � 2=3. However, it does not �t the
inner parts of cool core clusters.

3.6.2. Adiabatic or Polytropic Models.The temperature pro�les in clustersof galaxies
aregenerallymoreconsistent with a gradual declinewith radius at largeradii, rather than
isothermal gas [27]. A simple alternativ e would be if the gas in clusters was adiabatic
(had a constant speci�c entropy); then the pressureand density would vary together as
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P / � 
 with 
 = 5=3. Often, one also considersdistributions with the samepressure-
density relationship, but for valuesof 
 in the range 1 � 
 � 5=3. We will refer to these
distributions as \p olytropic." Then, the hydrostatic equation can be solved to give

T(r )
T0

= 1 + (� � 1)
�
1 �

�( r )
� 0

�
;(38)

� (r )
� 0

=
�

T(r )
T0

� 1=( 
 � 1)

:(39)

Here, T0 is the central temperature, and � � T (1 )=T0. The temperature pro�les in the
outer parts of clusters can generally be �t with intermediate valuesof 
 � 1.2{1.3 [28].

3.6.3.SurfaceBrightnessDeprojection. The gasdistributions in clusterscanbederived
directly from observations of the X-ray surfacebrightnessof the cluster, if the shape of
the cluster is known and if the X-ray observations are su�cien tly detailed and accurate.
The X-ray surfacebrightnessat a photon frequency� and at a projected distance b from
the center of a spherical cluster is

I � (b) =
Z 1

b2

� � (r )dr2

p
r 2 � b2

;(40)

where� � is the X-ray emissivity. This Abel integral can be inverted to give the emissivity
as a function of radius,

� � = �
1

2� r
d
dr

Z 1

r 2

I � (b)db2

p
b2 � r 2

:(41)

The emissivity � � is proportional to the squareof the density, and its spectral depen-
denceis determined by the gas temperature and abundances(eqs. 18, 19, & 20). Thus,
the radial dependenceof the spectrum and intensity of X-rays can be de-projected to
the the gasdensity � (r ), gastemperature T(r ), and abundancesasa function of physical
radius. The gaspressureis then given by the ideal gaslaw (eq. 26).

3.6.4. Cluster Masses.Once the gas density has been determined by either model
�tting or de-projection, the gasmasscan be derived simply as

M gas(r ) = 4�
Z r

0
� (r 0)( r 0)2 dr0:(42)

Here, M gas(r ) is the gasmassinterior to the radius r .
The total gravitational masscan be derived from the condition of hydrostatic equi-

librium (eq. 33), which can be written as

M (r ) = �
r 2

G� (r )
dP
dr

;(43)
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where M (r ) is the total massinterior to r . This equation can also be written as

M (r ) = �
kT(r )r
�m pG

�
d ln � (r )

d ln r
+

d ln T(r )
d ln r

�
:(44)

Optical observations of the galaxiescan be used to estimate the total massof galaxies
interior to r , M gal (r ). Any di�use stellar light can be included in this; although these
valuescanbe di�cult to determine, the stars and galaxiesconstitute only a small fraction
of the mass,so this correction is not so important. Then, the massof dark matter in the
cluster (interior to r ) is given by

M DM (r ) = M (r ) � M gas(r ) � M gal (r ) :(45)

In typical clusters, the massesof stars and galaxiesare much smaller than those of
the hot gas,with M gal � 0:15M bary at large radii [29]. Thus, hot plasmais the dominant
form of baryonic matter in clusters of galaxies. It appearsthat the samemay be true on
large scalesthroughout the present day Universe; it seemsthat most of the baryons in
the Universetoday are in hot, di�use intergalactic gas(often called WHIM, or Warm Hot
Intergalactic Medium), rather than stars and galaxies(e.g., [30]). In this sense,cluster
represent the tip of the iceberg. With their very high densities, they are the oneplace it
has beeneasyto detect the bulk of the baryons, which are in intergalactic gas.

The gasmassfraction f gas(r ) and baryon fraction f bary (r ) are then

f gas(r ) =
M gas(r )
M (r )

; f bary (r ) =
M gas(r ) + M gal (r )

M (r )
:(46)

The observations of most clusters show an increasein f gas(r ) with radius r in the inner
parts of clusters [31]. Thus, the gasis more broadly distributed than the dark matter in
clusters. The gasfractions level out at radii which are r �> 0:2r vir . Rich clusters have gas
fractions which averagehf gas(r2500)i = 12% at a radius where the mean interior density
is 2500 times the critical density [31]. For typical clusters, r 2500 � 0:25r vir . The total
gasfraction within r vir will be a bit larger than this. Thus, clusters appear to consist of
about 2-3% stars and galaxies, � 14% hot gas, and � 84% dark matter. Although these
are recent values,clustersof galaxiesprovided someof the earliest evidencethat the mass
in the Universewas predominantly dark matter.

Clusters of galaxies are very useful cosmological probes. Arguably, they are the
largest objects in the Universewhich are dynamically relaxed. On the other hand, they
are probably the smallest objects which formed from a su�cien tly large volume that
they contain a fair sampleof the material in the Universe. Thus, the ratio of baryons to
dark matter in clusters should be closeto the universal value. Numerical simulations do
indicate that the baryon fraction in clusters is nearly the generalvalue in the Universe;
even at r2500 , f bary is about 82% of the universal value [32].

When combined with the density of baryons inferred from Big Bang nucleosynthesis,
the observed baryon fraction in clusters indicates that the total mass density in the
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Universeis 
 M � 0:3 [33]. Thus, cluster have provided someof the earliest and strongest
evidencethat we live in a low density Universe,with too little matter to closethe Universe
and reversethe expansionof the Big Bang.

The measuredvaluesof f gas and f bary depend on the distance d to a cluster as d3=2.
On the other hand, if clusters are fair samplesof the materials in the Universe, then
f bary should be independent of redshift or distance. Thus, a comparisonof f bary in low
redshift and high redshift clustersprovidesa measureof the distanceto the clusterswhich
is independent of the redshift. Such measurements provide evidencethat we live in an
accelerating Universe,with an e�ectiv e cosmologicalconstant of 
 � � 0:7 [31]. This is
in concordancewith the results from WMAP [7] and supernova Type Ia observations at
high redshifts.

3.7. Heating and Cooling of Intr acluster Gas. {

3.7.1. Why Is the ICM So Hot?. When it was �rst observed in X-rays, one of the
most surprising features about the intracluster gaswas its very high temperature. Why
is this gas so hot? In fact, this is one of the easiestaspects of the ICM to understand.
At least in rich clusters, most of the heating is gravitational in origin. The basic idea is
that clusters have huge masses,and very deepgravitational potential wells. Essentially ,
any meansof intro ducing the gas into a cluster will causeit to move very rapidly, and
collide with other gas,and be shocked. For example,if the gasfell into the cluster (either
at the sametime as the dark matter, or subsequently), cluster gravitational potentials
imply that the gaswould fall in at a speed�> 1000km s� 1. Unlessthe gasmotions were
very carefully controlled, the gaswould encounter other gasmoving at similar velocities,
and the intersecting gas streams would collide and shock. Since the ICM has heavy
elements, a portion of it cameout of galaxies. If it did so after the clusters formed, then
the galaxieswould be moving at orbital speedsof �> 1000km s� 1 in the cluster, and gas
ejected from di�eren t galaxieswould collide and shock at these sorts of speeds. (If the
gas came out of galaxies before clusters formed, then it had to fall into a cluster, and
was shocked as described previously.) Thus, it is likely that essentially all of the gas in
the ICM medium shocked at speedsof �> 1000km s� 1, and was heated in this way.

In actually, we believe that clusters form hierarchically from the merger of smaller
groups and clusters. Such mergers are discussedextensively below (x 5). Thus, the
speci�c mechanism for much of the heating of the ICM is likely to be merger shocks.

3.7.2.SimpleScalingLawsfor Gravitational Heating. If oneassumesthat gravitational
heating dominates in clusters, and makesa few other simple assumptions,it is possible
to derive a number of simple scaling laws for the X-ray properties of clusters [34]. If
the gas in clusters is in hydrostatic equilibrium and is distributed similarly to the dark
matter, then the typical gas temperature should be kT � �m pGM =R, where M is the
total cluster mass,and R is the cluster radius. If onecan treat the formation of a cluster
asequivalent to the collapseof a isolated, spherical region of overdensity in the Universe,
then the post-collapseaveragedensity in the cluster should be h� tot i � 180� crit (zform ),
where � tot is the total massdensity (dark matter and baryons), and � crit (zform ) is the
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critical density for the Universe to collapse at the epoch of formation of the cluster.
If most clusters have formed recently , then one could approximate zform � 0. Finally,
clustersare largeenoughto contain a fair sampleof the material in the Universe,and thus
it is reasonableto assumethat the baryon fraction in clusters (which is predominantly
in the hot gas) is the universal value (x 3.6.4). Then, the radii of clusters should scale
with massas

R / M 1=3 :(47)

The gastemperature would scaleas

T / M 2=3 ;(48)

and the X-ray luminosity vs. temperature relationship would be

L X / T 2 :(49)

The latter scalingassumesthat the X-ray emissionis mainly dueto thermal bremsstrahlung,
which is true for hot clusters.

3.7.3.Non-Gravitational Heating. There area number of indications that non-gravitational
heating or cooling processesmay a�ect the ICM, particularly in smaller clusters and
groups. First, the observed cluster X-ray properties do not agree very well with the
scaling relations for purely gravitational heating (eqs. 47{49). Probably, the most sig-
ni�can t deviation is that the measuredX-ray luminosity{temp erature relation is much
steeper than eq. (49) [35]. The departures for the scaling relations are particularly
strong for cooler clusters and groups. Second,the observed gasdistributions in clusters
are more extended than would be expected from purely gravitational heating. The gas
distributions often have central cores. This suggeststhat somenon-gravitational heating
processeshave occurred and have pu�ed up the gas distributions, particularly in the
poorer clusters. This would lower the averagedensity in the gas, and thus reduce the
X-ray luminosity. An alternativ e possibility is that inhomogeneouscooling has removed
the cooler ICM, increasing the averagetemperature of the gaswhich remains. Presum-
ably, this cooling would also lead to star and galaxy formation. Thesetopics have been
reviewed extensively in [3].

If the non-gravitational heating occurred just prior to the collapseof a cluster, then the
amount of heat neededis � 2 keV per particle [36]. However, a more useful quantit y to
describe the preheating is probably the extra entropy per particle � s (eq. 29). As noted
in x 3.5, the speci�c entropy is a Lagrangian quantit y which moves with the gas, and
which remains constant for reversible changes. As discussedin x 3.5, it is conventional
to usethe entropy parameter K (eq. 30) rather than s. For purely gravitational heating,
the scaling laws described above (x 3.7.2) imply that the entropy parameter is expected
to scaleas

K / T / M 2=3 :(50)
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Observations of clustersand groupsinitially suggestedthat preheating producedan extra
entropy of � K � 135keV cm� 2 [37, 38]. It now appearsthat such an \entropy 
o or" may
be too simpli�ed an explanation for the detailed variations in entropy betweenclusters
and the radial variations within clusters. Also, the existenceof the Lyman alpha forest
and other quasarabsorption lines indicates that not all of the intergalactic gasunderwent
the samelevel of preheating. Nonetheless,this value provides a useful value in assessing
models for the thermal history of the ICM.

The radial variation of the entropy in the ICM also appears to be inconsistent with
purely gravitational heating. Gravitational heating modelspredict that the entropy vary
roughly as K / r 1:1. The observed entropy pro�les in clusters are much 
atter in the
center [39].

Supernovae could provide a signi�can t source of heating of the ICM. These would
include core collapsesupernova associated with the deaths of massive stars. Since the
galaxies in clusters today contain very few such stars, this would have occurred during
the epoch of star formation and galaxy formation. The supernovae might have driven
galactic winds. The secondtype of supernovae are Type Ia's, which are produced by
older binary star systems. They would provide a more continuous sourceof heating.

Supernovae also eject heavy elements. Thus, the abundancesin clusters can be used
to limit the total number of supernova which have occurred. The observed abundances
suggestthat the extra energyadded is probably � 0.3 keV per particle [36]. This is a bit
low to explain the required preheating, but might be possible. However, this mechanism
would also require that a large fraction of the supernova explosion energy be converted
into heat in the ICM, which may also be a di�cult y.

Activ e galactic nuclei (AGNs) within clusters might alsoprovide a signi�can t amount
of heating. As with the supernovae,it is di�cult to determine what fraction of the energy
produced by AGNs goesinto heating the surrounding medium. In this regard, it is only
the AGN output in kinetic energy in jets or in relativistic particles which is likely to be
useful. It may be important that the early-type galaxiesfound in clusters generally host
radio galaxiesand radio quasars,which are more likely to deposit energy into the ICM.

One way to limit the total energy input by AGNs is to look at the total massesof
supermassive black holescontained in clusters today. In general,all large bulgesappear
to contain supermassive black holes,and there is a strong correlation of black hole mass
with bulge massor velocity dispersion. If the growth of black holesoccurred largely by
accretion (rather than merging of existing massive black holes), then the total accretion
energy from black holes can be derived from their total mass. This could provide a
signi�can t level of heating for the ICM if the fraction of accretedenergywhich goesinto
heating is �> 10% [40].

3.7.4. Cooling in the Intracluster Medium. The primary cooling processfor the ICM
is the emission of X-ray radiation. The emission is proportional to the square of the
density and varies with temperature (eqs.18, 19, & 20). Thus, the total cooling rate per
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unit volume L in the gascan

L = �( T; Abundances)nenp ;(51)

where � depends only on the temperature and the abundancesof the heavier elements
relative to hydrogen. At high temperature (kT �> 2 keV), the dominant radiation is
thermal bremsstrahlung, and � / T 1=2. At lower temperature, line emissionbecomes
dominant, and � decreaseswith increasing temperature.

At high temperatureswherethermal bremsstrahlungdominates, the time required for
gas to cool to low temperatures at constant pressureis

tcool = 69
� ne

10� 3 cm� 3

� � 1
�

T
108 K

� 1=2

Gyr :(52)

Note that cooling acceleratesasthe gascools; this tendencyis evenstrongerbelow kT �< 2
keV due to line emission. The cooling time is much longer than the Hubble time in the
outer parts of clusters. However, it can be quite short (t cool � 300 Myr) in the inner
regionsof cooling core clusters.

It is interesting to write the cooling time asa function of the entropy and temperature
rather than the density and temperature:

tcool = 17
�

K
130keVcm� 2

� 3=2 �
kT

2keV

� � 1

Gyr :(53)

Note that the cooling time is less than the Hubble time for K �< 130 keV cm� 2 for
kT � 2:5 keV. If clusters start with gaswith a wide rangeof entropies, the lower entropy
gas will cool rapidly and be removed from the ICM. Thus, cooling can increase the
average entropy of the gas and provide an e�ectiv e \
o or" to the ICM entropy [41].
The cooled gaspresumably goesinto forming galaxiesand stars. Feedback heating from
supernovae, galactic winds, and AGNs (x 3.7.3) might result in someof the cooled gas
actually becominghotter ICM. However, the result is to remove the cooler gasand raise
the averageentropy of the ICM.

Thus, while the bulk of the heating of the ICM in large clusters is due to gravitational
heating, mainly by merger shocks, smaller clusters and the centers of clusters show
evidencefor the e�ects of non-gravitational heating and cooling. The cooling leads to
star and galaxy formation, and which leads to possibleheating by supernovae, galactic
winds, and AGNs. Thus, the ICM (and intergalactic medium more generally) preserves
a unique record of the thermal history of the Universe.

4. { Co ol Cores in Clusters

A signi�can t fraction of clusters of galaxies have cool, denseregions of intracluster
gasat their their centers. In this section, someof the basicproperties of the \co ol cores"
are discussed.
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4.1. Basic Properties of Cool Cores. { Early observations of cooling core clusters
established a number of basic X-ray properties. First, these clusters had very bright
central peaksin their X-ray surfacebrightness. Second,X-ray spectra indicated that the
gashad a positive radial temperature gradient; the gasgot cooler asthe radius decreased
within the cooling core. Third, the observed gasdensitiesand temperatures implied that
the radiativ e cooling time of the gas was less than the Hubble time within the cooling
cores. In the densestregionsin the centers of cooling core clusters, the radiativ e cooling
times typically drop to values of tcool � 2 � 108 yr. These properties were found in a
signi�can t fraction of clusters,generallyat least 50%. (For reviewsof the early properties
of cooling cores,see[42, 2].)

4.2. Simple Cooling Flow Model. { These observational properties led to a simple
theoretical model for cooling 
o ws. The basic assumption was that the energy in the
X-rays which we see comes from the thermal energy content of the ICM. A second
assumption was that no heating processbalancesthis radiativ e cooling; this is the idea
which now appearsto be wrong in detail. Third, it is assumedthat the gasat the centers
of clusters is not disrupted or disturb ed or mixed into the outer ICM. If this is the case,
then the gaswill cool radiativ ely. The weight of the surrounding cluster gaswill compress
the cooling central gas, and it will 
o w slowing (subsonically) toward the center of the
cluster. This will result in denser,cooling gasat the center of the cluster, in agreement
with the observations. If no heating processbalancesthe cooling, the gas should cool
down to very low temperature, certainly below the X-ray emitting range. If the gascools
nearly isobarically and if the energy input from in
o w in the gravitational potential is
small, then the total cooling luminosity would be

L cool �
5
2

kT
�m p

_M ;(54)

where T is the initial temperature of the cooling gas, _M is the cooling rate (mass per
unit time), and �m p is the meanmassper particle in the gas. Applying this equation to
the X-ray surfacebrightnessesof cooling coresin clusters led to estimated cooling rates
of _M �> 100M � =yr in many clusters.

If one assumesthat the gas in the cooling 
o w achieves steady-state, is spherically
symmetric, and is homogeneous,and that there is no nongravitational heating, the hy-
drodynamical equations (eqs. 27, 28, & 31) take a simpler form. The continuit y (mass
conservation) equation becomes(eq. 28)

1
r 2

d
dr

(r 2�v ) = 0;(55)

which implies that the in
o w rate

_M � � 4� �v r 2 = constant :(56)
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Euler's equation (eq. 27) becomes

�v
dv
dr

+
dP
dr

+ �
d� (r )

dr
= 0;(57)

and the energy/entropy equation becomes

1
r 2

d
dr

�
r 2�v

�
v2

2
+

5
2

P
�
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In general,the cooling times (eq. 52) are longer than the soundcrossingtimes (eq. 32)
for the cool coresin clusters. This implies that the motions in any cooling 
o w are highly
subsonic,v2 � c2

s . If the changesin gravitational potential � (r ) within the cool coreare
smaller than the thermal energyper unit massof the gas,then the potential � (r ) makes
a small contribution in eqs. (57) and (58), and the pressureis nearly constant in the
cool core, P � constant. Integrating eq. (58) over the volume of the cool core then gives
the eq. (54) for the luminosity. If the cooling is mainly due to thermal bremsstrahlung
(eq. 18) with L / � 2T 1=2, then the solution to eqs.(58), (57), and (55) for an isobaric,
subsonic 
o w is T / r 6=5 and � / r � 6=5 [43]. This gives a bolometric X-ray surface
brightnesswhich variesas I X / r � 4=5 � 1=r and an interior bolometric X-ray luminosity
which varies as L X (r ) / r 6=5 � r .

4.3. Early Results in Other Wavebands. { Early optical observations establishedthat
cluster cool cores were always centered on a large, cluster-dominant elliptical galaxy.
These ellipticals were unusual in having extensive systemsof optical emission line �la-
ments from gasat � 104 K (e.g., [44, 45, 46, 47]). The central elliptical galaxiesin cooling
coresalso were found to have very blue colors, which indicated that they contained rela-
tiv ely young stars (e.g., [48, 49, 50]). The emissionlines and young stars appearedto be
correlated with structures in the X-ray and radio imagesof the samesystems(e.g., [51]).

Many cooling core clusters also have dust, and cooler gasobserved through IR emis-
sion, 21 cm emissionand absorption, and CO emission(e.g., [52]).

4.4. The Cooling Flow Problem: Reservoir for the Cooling Gas?. { Initially , it was
thought that these cooler forms of gas or star formation might represent the ultimate
reservoir of the hot gaswhich wasseento cool through part of the X-ray band. Unlessthe
gasis reheatedin someway, radiativ ecooling should accelerateasthe temperature drops.
Thus, one might expect the gas to cool down to low temperatures, and form stars. The
discovery of signi�can t amounts of cooler gasand of young stars in cooling coreellipticals
appearedto be qualitativ ely consistent with this expectation. Unfortunately , this result
did not work quantitativ ely. The amounts of cool gaswere generally much smaller than
the estimates of the cooling rates integrated over a signi�can t fraction of the Hubble
time. Similarly, the present star formation rates are much lower than the early estimates
of the cooling rates. It appearedthat a few percent of the cooling gascould be consumed
by star formation or stored as cold gas in the observed forms, but not the full expected
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amount. This discrepancy becameknown as the \co oling 
o w problem": where does
most of the cooling gasgo?

4.5. XMM-Newton and Chandra Results: High Resolution Spectra. { The RGS grat-
ings on XMM-Newton (and, to a lessorextent, the gratings on Chandra) have provided
high resolution X-ray spectra of a sampleof cooling coreclusters. In this regard, the low
energy grating spectra are particularly important. In the standard cooling 
o w model
without reheating, all of the gaswhich cools from higher temperaturesshould continue to
cool out of the X-ray band. As the gascools below 107 K, heavy elements will recombine
and produce very strong line emission. One particularly strong set of lines produced at
lower temperature comefrom Fe XVI I (or Fe+16 ); these lines mainly lie below 1 keV in
the spectrum. The XMM-Newton spectra showed that Fe XVI I and other low ionization
lines were missing from the spectra of cluster cooling coresat the level predicted by the
standard cooling 
o w model without reheating (e.g., [53]), and this result was con�rmed
with Chandra.

In detail, the high resolution spectra showed that most of the gas in cluster cooling
cores only cools down to � 1/2 or 1/3 of its initial temperature [53]. If the emission
measureis modeledasa power-law function of the temperature, the luminosity emitted in
each temperature range is found to vary as dLX =dT / T 1� 2, rather than dLX =dT / T 0

as predicted by the standard cooling 
o w model without reheating (eq. 54). Thus, there
is much lessemissionat low temperatures than expected in this model. The upper limits
on the cooling rate to low temperatures(and a few possibledetectionsof low temperature
X-ray emission) are all roughly consistent with only 1{10% of the gas cooling at high
temperatures continuing to low temperatures. These results appear to resolve at least
one version of the standard cooling 
o w problem; the quantities of gas cooling to low
temperaturesare now consistent with the amounts of cool gasand rates of star formation
observed in thesesystems(xx 4.3, 4.4).

On the other hand, it is likely that someheating processis required to explain the
small amounts of gas which continue to cool to low temperatures. In fact, the heating
cannot merely balancecooling, which would causethe gas to accumulate at � 1/3 of its
original temperature; gaswhich has cooled must be reheatedback to nearly the ambient
temperature. Although very inhomogeneousabundances[54] or nonradiative cooling
(e.g., [55, 56]) may also play a role, it is likely that someheating processaccounts for
most the de�cit of low ionization X-ray lines.

Another important result is that the high resolution spectra do not show evidence
for large amounts of local X-ray absorption in cooling cores[53], as had beensuggested
basedon previous lower resolution spectra (e.g., [57]).

The existing high resolution spectra of cooling coresmainly give upper limits to the
rate of cooling to very low temperatures. Sincesomecooler gas and star formation are
seen in these systems, it is likely that some gas is cooling to very low temperatures,
at least part of the time. As noted above, the existing limits are generally consistent
with the amounts of cool gas and star formation. It would be very useful to improve
the spectral measurements to either give measuredvalues for the cooling rate to low
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Fig. 5. { Chandra X-ray image (greyscale) of the center of Ab ell 2052, with radio contours
superposed[58, 59]. There are holes in the X-ray image surrounded by bright shells. The radio
emission �lls the holes.

temperatures, or to give upper limits which were inconsistent with the measurements of
cooler materials.

4.6. Heating Source for Cooling Gas?. { As noted above, the most likely explanation
of the relative scarcity of cool gasand star formation in cool coresis that the radiativ ely
cooling gas in heated by someprocess,which prevents most of the gas from cooling to
low temperatures. In generalterms, there are a large number of candidatesfor this heat
source. One possibleheat sourceis the vast thermal reservoir of the ICM in the outer
parts of the cluster. The cooling gasmight be reheatedby thermal conduction from this
outer gas (x 3.4.1). As was noted in x 3.4.1, thermal conduction might be suppressed
by tangled magnetic �elds in clusters. If it is not suppressed,conduction could play an
important role in heating the outer parts of cool cores. However, it is more di�cult to
understand how it can stop the cooling of the densest,coolest X-ray gasnear the centers
of cool cores. Since thermal conduction is most e�ectiv e for very hot gas (the heat 
ux
varies roughly as Q / T 7=2), it can more easily heat the hotter outer cool core gas
than the cooler, densergasnear the center. Other heating mechanismsare discussedin
x 3.7.3. Supernova could play a role, but the rate seemstoo low to account for the bulk
of the heating. Cluster dynamics (mergers, sloshing, etc.) might provide someheating,
but it is di�cult to understand how they would generally suppresscooling. The leading
candidate is heating by central AGNs, speci�cally radio galaxies.

4.7. Early Radio Results on Cool Cores. { In a very high proportion (�> 70%) of cool
core clusters, the central galaxy is a moderately bright radio source(e.g., [60]), and this
proportion is much higher than for other elliptical galaxies. These radio galaxies are
typically FR I sources,with small, spatially distorted structures. The extendedportions
often haverather steepradio spectra, which is consistent with their being con�ned by the
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gas X-ray emitting gas. Many of the brightest, nearby radio galaxiesare at the centers
of cooling core clusters (e.g., Virgo A, PerseusA, Hydra A, Cygnus A, etc.)

In general, the radio lobesof thesecooling core radio sourcesare strongly polarized,
but have extremely large Faraday rotations (e.g., [61]), indicating that there are very
strong magnetic �elds in cooling cores[62].

4.8. Radio Bubbles. { As noted in x 4.7, in almost all casesthe central galaxies in
cooling coresare radio sources.Chandra and XMM-Newton observations have provided
dramatic evidencefor the interaction of these radio sourceswith the intracluster gas.
For example, �g. 5 shows the Chandra X-ray image(greyscale)of Abell 2052,with radio
contours superposed[58]. In the X-ray, theseradio bubbles generally show two holes in
the X-ray surfacebrightnesson opposite sidesof the galaxy nucleus. In most cases,the
holesare surrounded by bright shellsof X-ray emission. The X-ray holescorrespond to
the lobesof the central radio source. For the systemswith a relatively simple geometry,
deprojection analysisindicates that the X-ray surfacebrightnessin the holesis consistent
with foreground and background cluster emission;that is, the holesappear to be empty
of X-ray emitting gas. The massesof X-ray gas in the surrounding shellsare consistent
with the masswhich is missing from the holes[59]. All of this is consistent with a picture
in which the central radio sourcehas sent out two jets, which have beenstopped in the
cooling core gas. The jets have in
ated two lobes, and the radio plasma has displaced
the X-ray gasand compressedit into the two surrounding shells. In a few cases,similar
radio bubbles were seenoriginally with ROSAT [63, 64, 65, 66]. The most spectacular
case,in terms of the detail of the observations, is the Perseuscluster, where there is a
very long Chandra exposure [67]. The properties of radio bubbles are reviewed in [4].

In many cooling core clusters, \ghost bubbles" are also seenat larger radii from the
center. These are holes in the X-ray emissionwithout associated high frequency radio
emission. Figure 6 shows Abell 2597, an example of a cooling core with ghost bubbles
[68]. Recently , low frequency radio imageshave detected radio emissionin many of the
ghost bubbles (e.g., [69]). In general, the properties of the ghost bubbles are consistent
with older radio bubbles which have risen buoyantly in the cluster atmosphere.

Although the radio bubblesshow an anticorrelation betweenradio and X-ray emission,
in a few systemsthere is evidencefor a form of positive correlation. Speci�cally , columns
of cool, densegas are seengoing from the center of the central galaxy out to the radio
lobes. Examples include Virgo/M87 [70] and Abell 133 [71] (�g. 7). One suggestionis
that theseX-ray featuresare due to cooler gasfrom the center of the cooling corewhich
has beenentrained and uplifted by a buoyant radio lobe.

X-ray spectral observations show that the X-ray bright shells around radio bubbles
are generally cool, and that the pressuresin these shells are similar to those of the
surrounding hotter gas. This indicates that these shell are not due to shocks, and that
the radio sourcesare not expandingvery supersonically. However, recently a few clusters
havefound in which the radio lobesaresurroundedby shellsof hot gas,indicating that the
radio sourcesare driving moderately strong shocks. Examples include MS0735.6+7421
[72], which is shown in �g. 8, Hydra A [73], and Herc A [74].
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Fig. 6. { Greyscale is the Chandra residual image of Ab ell 2597 after subtraction of an elliptical
model, with low frequency (330 MHz) radio contours superposed[69]. The low frequency radio
emission extends out into the \ghost bubble" to the west; also, there may be a channel in the
X-ray image connecting the ghost bubble with the AGN at the center.

For the majorit y of the bubbles which are expanding subsonicallyor mildly transon-
ically, the pressurewithin the bubbles must be comparableto the pressurein the X-ray
gasexternal to the bubbles. For the sourceswith supersonicexpansion,the internal pres-
suresmust be even higher. However, when the pressuresin the radio lobesare estimated
by the standard minimum energyor equipartition arguments, they are found to be � 20
times smaller than required in most cases(e.g., [59]). This indicates that we have not
identi�ed the primary energy content and pressuresourcewithin radio sources. It may
be that the magnetic �elds are larger than given by equipartition. The extra pressure
might be due to a large population of low energyrelativistic electrons,or to a very large
population of relativistic ions. Alternativ ely, the radio sourcesmay contain di�use but
very hot thermal gas,which provides most of the energyand pressure.Within the radio
sources,jet kinetic energy is dissipated by shocks or other frictiv e processes,so it would
not be surprising in most of the energy was thermalized. So far, it has beendi�cult to
detect such hot gasin X-ray spectra of the radio lobes(e.g., [59]). However, it should be
detectable with high spatial resolution SZ images[75].

4.9. X-r ay Shells as Radio Source Calorimeters. { Radio bubbles are very useful
systemsfor determining the total energiessupplied by the jets in the radio sources.For
the systemswhich are expanding subsonically, the total energy is the \PdV" work done
to displace the X-ray emitting gas, plus the internal energy in the radio bubble [76].
(For systemswith shocks, the shock energyneedsto be included [72].) This givesa total
energy of

Eradio = P V +
P V

 � 1

=




 � 1
P V = (2:5 � 4) P V ;(59)
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Fig. 7. { Chandra X-ray image (greyscale) of the center of Ab ell 133, with radio contours
superposed[71]. There is a column of cool, dense,X-ray bright gas extending from the nucleus
(at the lower left) to the extended radio source (upp er right).

where P is the pressurein the radio lobe, V is its volume, and 
 is the mean adiabatic
index of the contents of the radio lobe. The two terms in the left end of the equation are
the work done by the bubble and its internal energy. The range of valuesat the right of
the equation correspond to the range from non-relativistic gas (
 = 5=3) to relativistic
material (
 = 4=3). For example,in Abell 2052the total energyis E radio � 1059 ergs[59],
which is a typical value. Similar measurements have provided the best direct evidence
on the total energycontent of radio jets.

4.10. Can Radio Sources O�set Cooling?. { The energy in the radio source can be
compared to the cooling X-ray luminosity of the cooling core to seeif it is energetically
possible for the radio source to inhibit the radiativ e cooling of the gas. To make this
comparison,one needsa time scalefor the activit y of the radio source;typically, this is
given by the buoyancy rise time of the radio bubbles. In most cases,this comparison
indicates that energy from the radio sourcecould balance radiativ e cooling (e.g., [77]),
although this is not true in all cases.Radio heating (as well as the common occurrence
of radio sourcesin cooling cores) requires that the radio activit y be episodic; it may be
that the averageradio power is more important than the current value.

In general, AGNs have a very large range in their luminosities, which presumably
re
ects, at least in part, a large range in their energy output. Thus, it would seem
unlikely that heating by radio sourceswould balance radiativ e cooling by X-ray gas in
cluster cool corein every casewithout somesort of \feedback" betweenthe AGN activit y
and the cooling of the gas. If the AGN is powered by the accretion of cooled X-ray gas,
such a feedback loop seemspossible. For example, considera cluster containing a BCG
with a supermassive black hole at its center. Assume the cluster formed recently or
underwent a major merger, and that there is initially no gas which has cooled at the
center of the cluster. Thus, the cluster would lack a cool core, and the AGN would be
inactive due to a lack of material to accrete. Eventually , radiativ e cooling would lead
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somegas to cool at the center of the cluster where the density is highest, and thus the
cooling time is shortest (eq. 52). This would lead to gas cooling at the center of the
cluster, and somesmall fraction of this gas would reach the central supermassive black
hole and be accreted. The AGN would becomeactive, and would launch jets into the
surrounding cluster cool core. Assumethat these jets are stopped in the cool core and
heat the gas there, suppressingcooling. This would stop the cooling, and eventually
starve the AGN of fuel. This might either lead to a stable balancein which just enough
gascooled to low temperatures to power the AGN su�cien tly to heat the cool core gas
enough to prevent further cooling. Perhaps more likely. this would lead to a episodic
limit cycle, with periods of cooling and AGN activit y, and the averageheating rate by
the AGN nearly balancing the averagecooling rate by the X-ray gas

4.11. AGN Feedback and Massive Galaxy Formation . { Similar processesof AGN
feedback may have played a very important role in the formation of galaxies,particularly
massive galaxies. In principle, AGN feedback can solve a major problem with galaxy
formation. In the absenceof any feedback, onemight expect that every large dark matter
halo would contain gas which formed stars, and thus each large halo would becomea
galaxy. In fact, there are fewer massivegalaxiesthan would be expectedfrom the number
of massive dark matter halos [78]. Simple prescriptions for AGN feedback in galaxy
formation can reduce the luminosity function of massive galaxies to the approximate
levels observed (e.g., [78]). Thus, AGN feedback is likely to have been very important
during galaxy formation at high redshifts.

Cluster cool coreswith radio bubblesprovide wonderful local \lab oratories" for study-
ing radio mode AGN feedback and the suppressionof gas cooling and star formation.
Due to the low redshifts of the nearby local clusters, the physics of these processescan
be studied in much more detail than is possiblefor high redshift, newly forming galaxies.

4.12. Radio Source Heating Mechanism in Cool Cores. { Although the radio sources
in the centers of cluster cool coreshave enoughenergy, in most cases,to suppresscooling
(x 4.10), the detailed mechanism by which they heat the gas is still poorly understood.
How can one get heat preferentially into the cooler gas? How is the heat transported
to the outer parts of the cool core without disrupting (e.g., by convection) the cool core
and the observed abundancegradients there? It may be that the radio plasma mixes
with the X-ray plasma, or that relativistic particles di�use into the thermal gas, and
directly heat the gas. The X-ray gasmight be heated by plasma waves,sound waves,or
weak shocks generatedby the radio source. The deepChandra imageof the center of the
Perseuscluster shows ripples which are probably soundswavesand weakshocks from the
radio source[67]. The problem of heating is complicated by the fact that the energy is
initially in the directed 
o w of the radio jets. How do initially narrow radio jets heat the
X-ray gas in all directions (e.g., [79])? Why don't the jets just punch narrow channels
in the gas? Is the collimated out
o w disrupted by jet precession,or cluster gasmotions,
or instabilities? Doesmost of the energyactually comeout in wider jets or winds? The
detailed nature of the AGN heating and feedback in cool coresis a very active area of
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Fig. 8. { Greyscaleis the Chandra temperature map of the center of the cluster MS0735.6+7421,
while the contours are the X-ray surface brightness [72]. The radio bubbles in this cluster
are bounded by hot regions, which indicates that the radio source is driving shocks into the
intracluster gas.

research.

5. { Cluster Mergers

Major cluster mergers are the most energetic events in the Universe since the Big
Bang. Cluster mergers are the mechanism by which clusters are assembled. In ma-
jor mergers, the subclusters collide at velocities of � 2000 km/s, releasinggravitational
binding energiesof as much as �> 1064 ergs. During mergers,shocks are driven into the
intracluster medium. In major mergers,thesehydrodynamical shocks dissipate energies
of �> 1063 ergs; such shocks are the major heating sourcefor the X-ray emitting intra-
cluster medium. The shock velocities in merger shocks are similar to those in supernova
remnants in our Galaxy, and we expect them to produce similar e�ects. Mergersshocks
heat and compressthe X-ray emitting intracluster gas, and increase its entropy. We
also expect that particle acceleration by these shocks will produce relativistic electrons
and ions, and these can produce synchrotron radio, inverse Compton (IC) EUV and
hard X-ray, and gamma-ray emission. (Seethe chapter by Rephaeli for more details on
relativistic particles and nonthermal emissionin clusters.)

5.1. Cluster Formation and Large Scale Structure. { Clusters of galaxiesform hierar-
chically, with smaller systems(galaxies, groups of galaxies,and small clusters) forming
�rst. Gravit y pulls thesesmaller systemstogether, and they merge to form larger clus-
ters. Since they are rare, extremely denseregions, clusters from in the densestregions
of the Universe. Numerical simulations of large scalestructure (LSS) show that these
regionsform a �lamen tary structure in the Universe,and clusters form within theseLSS
�lamen ts, often at the intersectionsof �lamen ts. Clusters are forming by mergerstoday,
and have formed over much of the history of the Universe.
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Cluster form by a combination of large and small mergers; seethe merger tree in
�g. 2 for an example of this. Often, the bigger merger events are referred to as \ma jor
mergers",while the morecontinuouse�ect of smallermergersis referredto as\accretion."

5.2. Accretion Shocks. { One simple limit for the processof accretion would be a
single cluster forming in an otherwise uniform cold Universe. For a spherical cluster
forming in a uniform, Einstein-deSitter universe,there are self-similar solutions for both
the dynamics of collisionlesscomponents (the galaxiesand the dark matter) and for the
accretion of cold gas[80]. Neither the dark matter nor the gasdistributions within these
self-similar solutions agree very well with the observed distributions in real clusters,
or with the results from three dimensional LSS simulations. The main feature of the
hydrodynamical solutions for the sphericalaccretion of gasis a sphericalaccretion shock.
Sincethe accretedgasin the self-similar solutions is cold, this is a very strong shock. It
is expected to occur at large radii (� 2 Mpc), somewhatbeyond the virial radius of the
cluster.

In hydrodynamical simulations of the growth of clusters within LSS, the geometry of
the resulting shocks is much more complex [81, 82]. Rather than continuous, spherically
symmetric accretion, gas is added in episodic merger events occurring primarily along
the LSS �lamen ts. There are accretion shocks surrounding the �lamen ts, more localized
accretion shocks along the �lamen ts, and internal shocks due to mergers within the
clusters. The accretion shocks within these simulations are strong, with Mach numbers
M � vs=cs � 30. Here, vs is the shock velocity relative to the pre-shock accreting gas,
and cs is the soundspeedin the pre-shock gas. The accretionshocks generallyare located
at large radii of several Mpc from the cluster centers. The outermost accretion shocks
tend to have a \tubular" geometry, surrounding the LSS �lamen ts.

As far as I am aware, there have been no clear direct detections of accretion shocks
around clusters up to the time this chapter was written. The accretion shocks occur
at large radii in very low density regions. Since the X-ray emissivity increaseswith the
squareof the gasdensity (x 3.2), the X-ray surfacebrightnessesof accretion shocks are
expected to be quite low. It is possible that they will eventually be detected with SZ
images,which measurethe pressurecolumn in the gas,and are thus sensitive to density
rather than its square. In somecases,the presenceof di�use radio relics at large radii
from clusters may be providing indirect evidencefor accretion shocks.

One overall result of accretion shocks in LSSis that most of the baryonsin the present
day Universeshould have passedthrough such shocks (mainly due to smaller systems
than clusters). This leadsto the prediction that most of the baryons in the present day
Universeare in a warm or hot intergalactic medium (WHIM).

5.3. Thermal Physicsof Merger Shocks. { The intracluster medium (ICM) is generally
closeto hydrostatic equilibrium in clusterswhich are not undergoingstrong mergers. The
virial theorem then implies that the squareof the thermal velocity (sound speed) of the
ICM is comparableto the gravitational potential. During a merger, the infall velocities of
the subclustersarecomparableto the escapevelocity, which implies that the squareof the
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infall velocity is larger (by roughly a factor of two) than the gravitational potential. Thus,
the motions in cluster mergersare expected to be supersonic, but only moderately so.
As a result, one expects that cluster mergerswill drive shock wavesinto the intracluster
gas of the two subclusters. Let vs be the velocity of such a shock wave relative to the
preshock intracluster gas. The sound speed in the preshock gas is cs =

p
(5=3)P=� ,

where P is the gaspressureand � is the density. Then, the Mach number of the shock is
M � vs=cs. Basedon the simple argument given above, one expects shocks with Mach
numbersof M �< 2. Stronger shocks may occur under somecircumstances,such as in the
outer parts of clusters, or in low masssubclusters merging with more massive clusters.

Shocks are irreversible changesto the gas in clusters, and thus increasethe entropy
S in the gas. A useful quantit y to consideris the speci�c entropy per particle in the gas,
s (eq. 29). Observations of X-ray spectra can be used to determine T, while the X-ray
surface brightness depends on � 2. Thus, one can use X-ray observations to determine
the speci�c entropy in the gasjust before and just after apparent merger shocks seenin
the X-ray images. Since merger shocks should produce compression,heating, pressure
increases,and entropy increases,the corresponding increase in all of these quantities
(particularly the entropy) can be used to check that discontinuities are really shocks
(e.g., not \cold fronts" or other contact discontinuities, x 6.2).

In [22], this test was applied to ASCA temperature maps and ROSAT images of
Cygnus-A and Abell 3667, two clusters which appeared to show strong merger shocks.
Recent Chandra imageshave shown that the feature in Abell 3667is a cold front [83]. In
Cygnus-A, the increasein speci�c entropy in the shocked regionsis roughly � s � (3=2)k.
The speci�c heat per particle q which must be dissipated to produce this change in
entropy is q � T � s � (3=2)kT , or about the present speci�c heat content in the shocked
gas. Thus, theseobservations provide a direct con�rmation that mergershocks contribute
signi�can tly to the heating of the intracluster gas.

The most dramatic merger shock which has beenseenwith Chandra is in the \Bullet
Cluster" 1E0657� 56 [11, 12, 13]. This is a very high velocity (� 4500 km s� 1) merger
occurring nearly in the plane of the sky, with a merger bow shock located ahead of a
\cold front" (x 6.2). Another prominent merger shock with a Mach number of M � 2:1
is seenin Abell 520 [84]. In both cases,the merger shocks appear to have associated
di�use radio emission.

5.4. Shock Kinematics . { The variation in the hydrodynamical variables in the intra-
cluster medium acrossa mergershock are determinedby the standard Rankine{Hugoniot
jump conditions [25], if one assumesthat all of the dissipated shock energy is thermal-
ized. Consider a small element of the surfaceof a shock (much smaller than the radius
of curvature of the shock, for example). The tangential component of the velocity is
continuous at the shock, so it is useful to go to a frame which is moving with that el-
ement of the shock surface, and which has a tangential velocity which is equal to that
of the gason either side of the shock. In this frame, the element of the shock surfaceis
stationary, and the gashas no tangential motion. Let the subscripts 1 and 2 denote the
preshock and post-shock gas; thus, v1 = vs is the longitudinal velocity of material into
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the shock (or alternativ e, the speedwith which the shock is advancing into the preshock
gas). Conservation of mass, momentum, and energy then implies the following jump
conditions

� 1v1 = � 2v2 ;(60)

P1 + � 1v2
1 = P2 + � 2v2

2 ;

w1 +
1
2

v2
1 = w2 +

1
2

v2
2 :

Here, w = P=� + � is the enthalpy per unit massin the gas,and � is the internal energy
per unit mass. If the gasbehavesasa perfect 
uid on each sideof the shock, the internal
energy per unit massis given by

� =
1


 � 1
P
�

;(61)

where 
 is the ratio of speci�c heats (the adiabatic index) and is 
 = 5=3 for a fully
ionized plasma. The jump conditions can be rewritten as:
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where C � � 2=� 1 is the shock compression,and the far right hand side assumes
 = 5=3.
If oneknew the velocity structure of the gasin a merging cluster, onecould usethese

jump condition to derive the temperature, pressure,and density jumps in the gas. At
present, the best X-ray spectra for extended regions in clusters of galaxies have come
from CCD detectors on ASCA, Chandra, XMM/Newton, and Suzaku. CCDs have a
spectral resolution of > 100eV at the Fe K line at 7 keV, which translates into a velocity
resolution of > 4000 km/s. Thus, this resolution is (at best) marginally insu�cien t to
measuremerger gas velocities in clusters. In a few caseswith very bright regions and
simple geometries,the grating spectrometerson Chandra and especially XMM/Newton
may be useful.

At present, X-ray observations can be usedto directly measurethe temperature and
density jumps in mergershocks. Thus, oneneedsto invert the jump relations to give the
mergershock velocities for a given shock temperature, pressure,and/or density increase.
If the temperatures on either side of the merger shock can be measured from X-ray
spectra, the shock velocity can be inferred from [22]

� vs =
�

kT1

�m p
(C � 1)

�
T2

T1
�

1
C

�� 1=2

;(63)

where � vs = v1 � v2 = [(C � 1)=C]vs is the velocity changeacrossthe shock, and � is
the mean massper particle in units of the proton massmp. The shock compressionC
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can be derived from the temperatures as
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Again, the secondequation assumes
 = 5=3. Alternativ ely, the shock compressioncan
be measureddirectly from the X-ray image. However, it is di�cult to usemeasurements
of the shock compressionalone to determine the shock velocity, for two reasons.First, a
temperature is neededto set the overall scaleof the velocities; asis obvious from eq. (62),
the shock compressionallows one to determine the Mach number M but not the shock
velocity. The secondproblem is that temperature or pressureinformation is neededto
know that a discontinuit y in the gasdensity is a shock, and not a contact interface (e.g.,
the \cold fronts" discussedin x 6.2 below).

X-ray temperature maps of clusters have been used to derive the merger velocities
using theserelations. Reference[22] usedASCA observations to determinethe kinematics
of mergersin three clusters(Cygnus-A, Abell 2065,and Abell 3667). Becauseof the poor
angular resolution of ASCA, theseanalyseswerequite uncertain. More recently , possible
shocks have been detected in Chandra images of a number of merging clusters (e.g.,
Abell 85 [85], Abell 665 [86], Abell 3667[83]), and the shock jump conditions have been
applied to determine the kinematics in theseclusters.

The simplest caseis a head-onsymmetric merger at an early stagewhen the shocked
region lies between the two cluster centers. Reference[22] suggeststhat the Cygnus-A
cluster is an example. If the gaswithin the shocked region is nearly stationary, then the
merger velocity of the two subclusters is just v = 2� vs . Applying these techniques to
the ASCA temperature map for the Cygnus-A cluster, ref. [22] found a merger velocity
of v � 2200km/s. This simple argument is in reasonableagreement with the results of
numerical simulations of this merger [87].

One can compare the merger velocities derived from the temperature jumps in the
merger shocks with the valuespredicted by free-fall from the turn-around radius. In the
caseof Cygnus-A, [22] found good agreement with the the free-fall velocity of � 2200
km/s. This consistencysuggeststhat the shock energy is e�ectiv ely thermalized, and
that a major fraction doesnot go into turbulence, magnetic �elds, or cosmicrays. Thus,
the temperature jumps in merger shocks can provide an important test of the relative
roles of thermal and nonthermal processesin clusters of galaxies. (See the chapter by
Rephaeli for more details.)

5.5. Nonequilibrium E�e cts. { Cluster mergers are expected to produce collision-
less shocks, as occurs in supernova remnants. As such, nonequilibrium e�ects are ex-
pected, including non-equipartition of electronsand ions and nonequilibrium ionization
[22, 88, 89]. Collisionlessshocks are generallynot ase�ectiv e in heating electronsas ions.
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Fig. 9. { (Upp er) Boost in the X-ray luminosit y of a cluster of galaxies due to an equal mass
merger, for a variety of impact parameters b [87, 19]. (Lower) Boost in the emission-weighted
X-ray temperature for the samemergers.

Assuming that the post-shock electronsare somewhatcooler than the ions, the time scale
for electron and protons to approach equipartition as a result of Coulomb collisions in a
hot ionized gas is (eq. 13) [21]

tequip =
3mpme

8
p

2� nee4 ln �

�
kTe

me

� 3=2

(65)
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� � 1
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where ne and Te are the electron number density and temperature, respectively, and �
is the Coulomb factor. The relative velocity between the post-shock gas and the shock
front is (1/4) vs; thus, one would expect the electron temperature to reach equipartition
a distance of

dequip � 160
�

vs

3000km=s

� �
Te

108 K

� 3=2 � ne

0:001cm� 3

� � 1
kpc(66)

behind the shock front. Of course,it is the electron temperature (rather than the ion or
averagetemperature) which determinesthe shapeof the X-ray spectrum. This distanceis
largeenoughto insure that the lag could bespatially resolved in X-ray observations of low
redshift clusters. Similar e�ects might be expected through non-equilibrium ionization.

On the other hand, it is likely that the nonequilibrium e�ects in cluster mergershocks
are much smaller than those in supernova blast wave shocks becauseof the low Mach
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Fig. 10. { (Left) Boost in the central, maximum value of the SZ y parameter of a cluster of
galaxies due to an equal mass merger, for a variety of impact parameters b [90]. The set of
mergers are the same as in �g. 9. (Right) Boost in the integrated SZ parameter for the same
mergers.

numbers of mergershocks. That is, the preshock gasis already quite hot (both electrons
and ions) and highly ionized. Moreover, a signi�can t part of the heating in low Mach
number shocks is due to adiabatic compression,and this would still act on the electrons
in the post-shock gasin mergershocks, even if there wereno collisionlessheating of elec-
trons. For example, in a M = 2, 
 = 5=3 shock, the total shock increasein temperature
is a factor of 2.08 (eq. 62). The shock compressionis C = 2:29, soadiabatic compression
increasesthe electron temperature by a factor of C2=3 = 1:74, which is about 83% of the
shock heating.

5.6. MergersBoosts to X-r ay and SZ Measurements. { Mergerscompressand heat the
ICM, and thus can be expected to produce transient increasesin their X-ray emission,
temperature, and the SZ e�ect. Figure 9 illustrates the resulting X-ray boosts for several
equal-massmergers [87, 19]. The X-ray luminosity can be increasedby as much as an
order of magnitude by a major cluster merger. The X-ray temperature can be increased
by a factor of � 3. Thesemerger boosts mean that the most X-ray luminous and hottest
clusters will tend to be merging clusters. The cumulativ e e�ect of these\merger boosts"
will a�ect the observed X-ray luminosity functions (XLFs) and temperature functions
(TFs) of clusters. Oneexpectsthis e�ect to be most important for the most luminous and
hottest clusters. XLFs and TFs of clustersprovide strong constraints on cosmologicaland
large-scale-structureparameters, if these can serve as good proxies for the cluster mass
function [19]. Merger boosts may limit the accuracyof the XLF and TF as cosmological
probes. However, much of the e�ect of these boosts can be eliminated by the use of
cluster massproxieswhich depend lessstrongly on the densestand hottest regionsof the
cluster, such at the YX parameter [91].

Similar boosts are expected in the SZ e�ect from clusters [90]. (Seethe chapter by
Rephaeli for more details concerningthe SZ e�ect in clusters.) As shown in �g. 10, the
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central SZ e�ect can be boosted by as much as an order of magnitude by a merger.
However, the integrated SZ e�ect Y is a�ected much less dramatically. In fact, the
merger boost to Y is generally lessthan the equilibrium changein Y due to the increase
in massof the cluster following the merger. Thus, mergersdon't a�ect the large-scale
SZ e�ect from clusters in a very dramatic way, and cosmologicalsurveysbasedon these
parametersshould only be biasedon the percent level or less.

5.7. Mergersand Basic Gravitational PhysicsE�e cts. { Merging clustersalso provide
several very direct tests of basic gravitational physics. These tests are possiblebecause
of the dynamical nature of mergers,and the di�erence in the behavior of collisional and
non-collisionalcomponents of clusters. The gasis clustersis a collisional 
uid (S 3.3) with
a mean-free-pathwhich is small compared to the scaleof clusters (eq. 22). Thus, when
clusters collide, the motion of the gaswill be retarded by ram pressureand shocks. On
the other hand, the galaxiesin clustersare essentially collisionless.When clusterscollide,
the galaxieswill 
y by oneanother. Thus, the galaxiesin a merging subcluster will often
be found aheadof the gasfrom the samesubcluster. This is particularly obvious in late
stagemergerswith \cold fronts" (x 6.2), where the gaswhich was initially at the center
of a subcluster will be found lagging behind the central dominant and other galaxies
from the subcluster. Perhapsthe most prominent exampleof this is the \Bullet Cluster"
1E0657� 56[11, 12, 13], wherethe cold front and densegasfrom the subcluster are clearly
separatedfor the galaxiesfrom the samesubcluster.

In the most widely acceptedmodel for \dark matter" (x 3.6.4), the dominant com-
ponent of the massof the Universeis made up of collisionlesselementary particles. For
example, this would be true of Cold Dark Matter (e.g., [7]). If this is the case,onewould
expect that the dark matter would be located in the sameregions of merging clusters
as the galaxies. An alternativ e idea is that the laws of gravit y or motion di�er from the
Newtonian form at large distancesor small accelerations[92]. In theseModi�ed Newto-
nian Dynamics (MOND) theories, there is no dark matter component of the Universe,
and gravit y is just due to ordinary baryonic matter. In clusters of galaxies, the vast
majorit y of the ordinary baryonic matter is the hot X-ray gas (x 3.6.4). Thus, MOND
theories predict that in a merger, the gravit y (or apparent dark matter) should mainly
be located where the gas is located. In an advanced merger, the gas is located behind
the galaxies.

The location of the gravit y (or apparent dark matter) can be determined from weak
gravitational lensingobservations of the cluster [12, 13]. This test hasbeenperformedon
the \Bullet Cluster" 1E0657� 56[12, 13], wherethe weak lensingmeasurement show that
the gravit y of the merging subcluster is centered on the galaxies,and is clearly displaced
from the location of the subcluster gas. Thus, these measurements provide what is
arguably the strongest proof of the existenceof dark matter, rather than a changein the
laws of gravit y.

Another alternativ e to the conventional Cold Dark Matter hypothesisis that the dark
matter consistsof weakly interacting elementary particles, but the particles do have a
small but signi�can t cross-sectionfor self-interaction [93]. If this were the case, the
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dark matter would act as a collisional 
uid, and would be displaced from the position
of the galaxies in a merging cluster towards the center of the subcluster gas. In the
\Bullet Cluster" 1E0657� 56 no such displacement is evident [13], and the lack of such a
displacement can be used to set an upper limit on the self-interaction cross-sectionper
unit massof dark matter of < 1 cm2 g� 1. This is a very seriousconstraint on models of
self-interacting dark matter.

6. { Mergers and Co ol Cluster Cores

6.1. Cool Cores vs. Mergers. { The centers of a signi�can t fraction of clusters of
galaxies have luminous cusps in their X-ray surface brightness known as \co ol cores"
(x 4; seealso [42] for an extensive review). In every case,there is a bright (cD) galaxy at
the center of the cool coreregion. The intracluster gasdensitiesin theseregionsare much
higher than the averagevalues in the outer portions of clusters. X-ray spectra indicate
that there are large amounts of gas at low temperatures (down to � 107 K), which are
much cooler than those in the outer parts of clusters. The high densities imply rather
short cooling times tcool (the time scalefor the gasto cool to low temperature due to its
own radiation). The primary observational characteristics of cool coresare very bright
X-ray surfacebrightnesseswhich increaserapidly toward the center of the cluster.

Empirically , there is signi�can t indirect evidence that mergers disrupt cool cores.
There is a strong statistical anticorrelation betweencool coresand/or cooling rates, and
irregular structures in clusters as derived by statistical analysis of their X-ray images
[94]. Looked at individually , very strong cooling coresare almost never associated with
very irregular or bimodal clusters, which are likely mergercandidates[95, 96]. There are
some casesof moderate cool cores in merging clusters; in most cases,these appear to
be early-stagemergerswhere the merger shocks haven't yet reached the cooling core of
the cluster. Examples may include Cygnus-A [22] and Abell 85 [85]. There also are a
large number of merging clusters at a more advancedstagewith relatively small cooling
cores;Abell 2065[22] may be an example. Recently , Chandra Observatory X-ray images
have shown a number of merging clusters with rapidly moving cores of cool gas (the
\cold fronts" discussedbelow in x 6.2). In thesesystems,the cool coresappear to have
survived, at least to the present epoch in the merger.

It is unclear exactly how and under what circumstancesmergersdisrupt cool cores.
The cool coresmight be disrupted by tidal e�ects, by shock heating of the cooler gas,by
removing the cool gas dynamically from the center of the cluster due to ram pressure,
by mixing it with hotter intracluster gas, or by someother mechanism. Numerical hy-
drodynamical simulations are neededto study the mechanisms by which cool coresare
disrupted. This is a relatively unexplored area, largely becausethe small spatial scales
and rapid cooling time scalesin the inner regionsof cool coresare still a signi�can t chal-
lenge to the numerical resolution of hydrodynamical codes. McGlynn and Fabian [97]
argued that mergersdisrupted cool cores, but this was based on purely N-body simu-
lations. Hydrodynamical simulations have been made of the e�ects of head-onmergers
with relatively small subclusters (1/4 or 1/16 of the massof the main cluster) on a cool
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core in the main cluster [98]. They �nd that the mergersdisrupt the cool core in some
cases,but not in others. Their simulations suggestthat the disruption is not due to tidal
or other gravitational e�ects.

Another possibility is that the merger shocks heat up the cool core gasand stop the
gasfrom cooling. In the simulations, this doesnot appear to be the main mechanism of
cool coredisruption. There are a number of simple arguments which suggestthat merger
shocks should be relatively ine�cien t at disrupting cool cores. First, it is di�cult for
theseshocks to penetrate the high densitiesand steepdensity gradients associated with
cool cores,and the mergershocks would be expectedto weaken asthey climb thesesteep
density gradients. Even without this weakening, merger shocks have low Mach numbers,
and only produce rather modest increasesin temperature (�< a factor of 2). Thesesmall
temperature increasesare accompaniedby signi�can t compressions.As a result, shock
heating actually decreasesthe cooling time due to thermal bremsstrahlung emissionfor
shocks with Mach numbers M � (21 + 12

p
3)1=2 � 6:5. It is likely that the shocked gas

will eventually expand,and adiabatic expansionwill lengthen the cooling time. However,
even if the gasexpandsto its preshock pressure,the increasein the cooling time is not
very large. For a M = 2 shock, the �nal cooling time after adiabatic expansionto the
original pressureis only about 18% longer than the initial cooling time.

The simulations by [98] suggestthat the main mechanism for disrupting cool cores
is associated with the ram pressureof gas from the merging subcluster. The gas in the
cool core is displaced, and may eventually mix with the hotter gas [87]. Earlier, [99]
had argued that ram pressure,rather than shock heating, was the main mechanism for
disrupting cool cores. Assuming this is the case,oneexpects that the mergerwill remove
the cool core gasat radii which satisfy

� scv2
rel �> PCF (r ) ;(67)

where PCF (r ) is the pressurepro�le in the cool core, � sc is the density of the merging
subcluster gas at the location of the cool core, and vrel is the relative velocity of the
merging subcluster gasand the cool core. Reference[98] �nds that this relation provides
a reasonableapproximation to the disruption in their simulations.

The pressurepro�le in the cool core gas prior to the merger is determined by the
condition of hydrostatic equilibrium. If the cluster gravitational potential has a wide
corewithin which the potential is nearly constant (e.g., as in a King model; eq. 8, �g. 1),
then the cool core pressurewill not increaserapidly into the center. In this case,once
the merger reaches the central regionsof the cluster, if the ram pressureis su�cien t to
remove the outer parts of the cool core, it should be su�cien t to remove nearly all of the
cool core. On the other hand, if the cluster potential is sharply peaked as is predicted by
numerical simulations [14], the merger may remove the outer parts of the cool core but
not the innermost regions. Thus, the survival and sizeof cool coresin merging clusters
can provide evidenceon whether clusters have sharply peaked potentials [22].
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Fig. 11. { A schematic diagram of 
o w around a \cold front" in a cluster merger. The heavy
solid arc at the right represents the contact discontin uit y between the cold, densecool core gas,
and the hotter, more di�use gas from the outer regions of the other cluster. The cool core is
moving toward the left relativ e to the hotter gas. The narrow solid lines are streamlines of the

o w of the hotter gas around the cool core. The region labelled \1" represent the upstream,
undisturb ed hot gas. If the cold front is moving transonically (M 1 > 1), then the cold front
will be precededby a bow shock, which is shown as a dashed arc. The stagnation point, where
the relativ e velocity of the cooler densegas and hotter di�use gas is zero, is marked \st".

6.2. Cold Fronts. { Oneof the moredramatic early discoverieswith the Chandra X-ray
Observatory was the presenceof very sharp surfacebrightnessdiscontinuities in merging
clusters of galaxies. A pair of such discontinuities were �rst seenin the public science
veri�cation data on the Abell 2142 cluster [100]. Initially , it seemedlikely that these
were merger shocks. However, temperature measurements showed that this was not the
case.The high X-ray surfacebrightnessregionswere both denseand cool; thus, the gas
in theseregionshad a lower speci�c entropy than the gasin the lessdenseregions. The
lack of a pressurejump and the incorrect sign of the temperature and entropy variations
showed that thesefeaturescould not be shocks [100]. Instead, they appear to be contact
discontinuities betweenhot, di�use gas and a cloud of colder, densergas [100]. In [83],
these contact discontinuities were named \cold fronts." Reference[100] arguesthat the
sourceof the cold clouds are the cool coresof one or both of merging subclusters. As
noted above, cool coresdo appear to be able to partially survive in mergers,at least for
someperiod. Subsequently , cold fronts have beenobserved in a number of other clusters;
for an extensive review of the observations of thesecold fronts, see[101].

6.2.1. Kinematics of Cold Fronts. As discussedextensively in [83], the variation in the
density, pressure,and temperature of the gas in a cold front can be used to determine
the relative velocity of cool core. This technique is analogousto that for merger shocks
discussedabove (eqs.63 & 64). The geometry is illustrated in Figure 11, which is drawn
in the rest frame of the cool core. We assumethat the cool core has a smoothly curved,
blunt front edge.The normal component of the 
o w of hot gaspast the surfaceof the cool



44 Craig L. Sarazin

core will be zero. There will be at least onepoint where the 
o w is perpendicular to the
surfaceof the cool core,and the 
o w velocity of the hot gaswill be zeroat this stagnation
point (\st" in Fig. 11). Far upstream, the 
o w of the hot gaswill be undisturbed at the
velocity of the cool core relative to the hotter gas,v1. Let cs1 be the sound speedin this
upstream gas,and M 1 � v1=cs1 be the Mach number of the motion of the cool core into
the upstream gas. If M 1 > 1, a bow shock will be located aheadof the cold front.

The ratio of the pressureat the stagnation point to that far upstream is given by [25]
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The ratio (Pst =P1) increasescontinuously and monotonically with M 1. Thus, in prin-
ciple, measurements of P1 and Pst in the hot gas could be used to determine M 1. The
pressurescan be determined from X-ray spectra and images. In practice, the emissivity
of the hot gas near the stagnation point is likely to be small. However, the pressureis
continuousacrossthe cold front, sothe stagnation pressurecan be determined just inside
of the cool core, where the X-ray emissivity is likely to be much higher. Once M 1 has
beendetermined, the velocity of the encounter is given by v1 = M 1cs1.

If the motion of the cool core is transonic (M 1 > 1), one can also determine the
velocity from the temperature and/or density jump at the bow shock (eqs. 63 & 64). If
the bow shock can be traced to a large transversedistanceand forms a cone,the opening
angle of this Mach cone corresponds to the Mach angle, � M � csc� 1(M 1). However,
variations in the cluster gastemperature may lead to distortions in this shape.

The distance between the stagnation point and the closestpoint on the bow shock
(the shock \stand-o� " distanceds) can alsobe usedto estimate the Mach number of the
motion of the cold front [83]. The ratio of ds to the radius of curvature of the cold front
Rcf depends on the Mach number M 1 and on the shape of the cold front. Figure 12
shows the valuesof ds=Rcf as a function of (M 2

1 � 1)� 1 for a spherical cold front [102].
Although there is no simple analytic expressionfor the stand-o� distance which applies
to all shapes of objects, a fairly general approximate method to calculate ds has been
given by [103]. and somesimple approximate expressionsexist for a number of simple
geometries. The stand-o� distance increasesas the Mach number approaches unit y;
thus, this method is, in someways, a very sensitive diagnostic for the Mach number for
the low values expected in cluster mergers. On the other hand, the stand-o� distance
also depends strongly on the shape of the cold front as the Mach number decreases.
The application of this diagnostic to observed clusters is strongly a�ected by projection
e�ects. Becausethe radius of curvature of the bow shock is usually greater than that of
the cold front, projection e�ects will generallycauseds to be overestimatedand M 1 to be
underestimated. Projection e�ects also make the true shape of the cold front uncertain.

Thesetechniqueshave beenusedto determine the merger velocities from cold fronts
in Abell 3667 [83], RXJ1720.1+2638 [104], and Abell 85 [85]. The most spectacular
application is the \Bullet Cluster" 1E0657� 56 [11, 12, 13], which contains a very high
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Fig. 12. { The ratio of the stand-o� distance of the bow shock ds to the radius of curvature Rcf

of the stagnation region of the cold front, as a function of 1=(M 2
1 � 1), where M 1 is the Mach

number. This is for a spherical cold front and 
 = 5=3.

Mach number merger.

6.2.2. Width of Cold Fronts. One remarkable aspect of the cold fronts observed with
the Chandra Observatory in several clustersis their sharpness.In Abell 3667,the temper-
ature changesby about a factor of two acrossthe cold front [83], and the accompanying
change in the X-ray surfacebrightnessoccurs in a region which is narrower than 2 kpc
[83]. This is lessthan the mean-free-pathof electronsin this region. The existenceof this
very steep temperature gradient and similar results in other merging clusters with cold
fronts requires that thermal conduction be suppressedby a large factor [105, 106, 83]
relative to the classicalvalue in an unmagnetized plasma (eq. 25) [21]. It is likely that
this suppressionis due to the e�ects of the intracluster magnetic �eld. It is uncertain at
this point whether this is due to a generally tangled magnetic �eld (in which case,heat
conduction might be suppressedthroughout clusters), or due to a tangential magnetic
�eld speci�c to the tangential 
o w at the cold front [106].

Becauseof the tangential shear 
o w at the cold front (Fig. 11), the front should be
disturb ed and broadened by the Kelvin-Helmholtz (K-H) instabilit y. Reference[106]
argues that the instabilit y is suppressedby a tangential magnetic �eld, which is itself
generatedby the tangential 
o w. This suppressionrequires that the magnetic pressure
PB be a non-trivial fraction of the gas pressureP in this regions, PB �> 0:1P. The
required magnetic �eld strength in Abell 3667 is B � 10 � G. Alternativ ely, cold fronts
might be stabilized by gravit y [71] or accelerationalong the front [107].

� � �



46 Craig L. Sarazin

I would like to thank Alfonso Cavaliere and Yoel Rephaeli for organizing this ex-
cellent school, and the students for their interest and questions. I would also like to
particularly thank the sta� the school and of the Societ�a Italiana di Fisica for their
help, particularly when I had to visit the doctor in Varenna. This work was supported
by Chandra grants TM7-8010X, AR7-8012X, GO7-8129X,GO7-8135X,and GO8-9083X,
and by NASA XMM-Newton grants NNX06AE76G, NNX06AE75G, NNX08AZ34G, and
NNX08AW83G, and by NASA Suzakugrants NNX06AI37G, NNX06AI44G, NNX08AI27G,
and NNX08AZ99G.

REFERENCES

[1] Sarazin C. L. , X-r ay emission from clusters of galaxies (Cambridge Astroph ysics Series,
Cambridge: Cambridge Univ ersity Press, 1988) 1988.

[2] Sarazin C. L. , Reviews of Modern Physics , 58 (1986) 1.
[3] Voit G. M. , Reviews of Modern Physics , 77 (2005) 207.
[4] McNamara B. R. and Nulsen P. E. J. , ARA&A , 45 (2007) 117.
[5] Plionis M., Lopez-Cr uz O. and Hughes D. , A Pan-Chromatic View of Clusters of

Galaxies and the Large-Scale Structure (Springer, Dordrecht) 2008.
[6] White S. D. M., Navarr o J. F., Evrard A. E. and Frenk C. S., Nature, 366 (1993)

429.
[7] Bennett C. L., Hill R. S., Hinsha w G., Nol t a M. R., Odegard N., Page L.,

Sper gel D. N., Weiland J. L., Wright E. L., Halpern M., Jar osik N., K ogut
A., Limon M., Meyer S. S., Tucker G. S. and W olla ck E. , ApJS, 148 (2003) 97.

[8] Vikhlinin A., Kra vtso v A., Forman W., Jones C., Markevitch M., Murra y S. S.
and Van Speybr oeck L. , ApJ, 640 (2006) 691.

[9] Sarazin C. L. , Gas Dynamics in Clusters of Galaxies, in proc. of A Pan-Chromatic View
of Clusters of Galaxies and the Large-Scale Structure, edited by Plionis M., Lopez-Cr uz
O. and Hughes D. (Springer, Dordrecht) 2008, pp. 1{30.

[10] Zwicky F. , ApJ, 86 (1937) 217.
[11] Markevitch M., Gonzalez A. H., David L., Vikhlinin A., Murra y S., Forman

W., Jones C. and Tucker W. , ApJ, 567 (2002) L27.
[12] Clo we D., Gonzalez A. and Markevitch M. , ApJ, 604 (2004) 596.
[13] Markevitch M., Gonzalez A. H., Clo we D., Vikhlinin A., Forman W., Jones

C., Murra y S. and Tucker W. , ApJ, 606 (2004) 819.
[14] Navarr o J. F., Frenk C. S. and White S. D. M. , ApJ, 490 (1997) 493.
[15] Carlber g R. G., Yee H. K. C., Ellingson E., Morris S. L., Abraham R.,

Gra vel P., Pritchet C. J., Smecker-Hane T., Har twick F. D. A., Hesser J. E.,
Hutchings J. B. and Oke J. B. , ApJ, 485 (1997) L13+.

[16] Pointecoutea u E., Arna ud M. and Pra tt G. W. , A&A , 435 (2005) 1.
[17] Br yan G. L. and Norman M. L. , ApJ, 495 (1998) 80.
[18] Press W. H. and Schechter P. , ApJ, 187 (1974) 425.
[19] Rand all S. W., Sarazin C. L. and Ricker P. M. , ApJ, 577 (2002) 579.
[20] La cey C. and Cole S., MNRAS , 262 (1993) 627.
[21] Spitzer L. J. , Physics of Ful ly Ionized Gases (In terscience,New York) 1956.
[22] Markevitch M., Sarazin C. L. and Vikhlinin A. , ApJ, 521 (1999) 526.
[23] Wise M. W. and Sarazin C. L. , ApJ, 415 (1993) 58.
[24] Osterbr ock D. E. , Astrophysics of Gaseous Nebulae and Active Galactic Nuclei

(Univ ersity Science,Mill Valley) 1989, pp. 53{65.



Basic Pr oper ties of Clusters of Galaxies and The Physics of the Intra cluster Gas 47

[25] Land au L. D. and Lifshitz E. M. , Fluid Mechanics (Pergamon, Oxford) 1959.
[26] Cavaliere A. and Fusco-Femiano R. , A&A , 49 (1976) 137.
[27] Vikhlinin A., Markevitch M., Murra y S. S., Jones C., Forman W. and Van

Speybr oeck L. , ApJ, 628 (2005) 655.
[28] Markevitch M., Forman W. R., Sarazin C. L. and Vikhlinin A. , ApJ, 503 (1998)

77.
[29] Voev odkin A. and Vikhlinin A. , ApJ, 601 (2004) 610.
[30] Dav �e R., Cen R., Ostriker J. P., Br yan G. L., Hernquist L., Ka tz N., Weinber g

D. H., Norman M. L. and O'Shea B. , ApJ, 552 (2001) 473.
[31] Allen S. W., Schmidt R. W., Ebeling H., Fabian A. C. and van Speybr oeck L. ,

MNRAS , 353 (2004) 457.
[32] Eke V. R., Navarr o J. F. and Frenk C. S., ApJ, 503 (1998) 569.
[33] White S. D. M. and Frenk C. S., ApJ, 379 (1991) 52.
[34] Kaiser N. , MNRAS , 222 (1986) 323.
[35] Markevitch M. , ApJ, 504 (1998) 27.
[36] Loewenstein M. , ApJ, 532 (2000) 17.
[37] Ponman T. J., Cannon D. B. and Navarr o J. F. , Nature, 397 (1999) 135.
[38] Llo yd-D avies E. J., Ponman T. J. and Cannon D. B. , MNRAS , 315 (2000) 689.
[39] Ponman T. J., Sanderson A. J. R. and Finogueno v A. , MNRAS , 343 (2003) 331.
[40] Cavaliere A., Lapi A. and Menci N. , ApJ, 581 (2002) L1.
[41] Voit G. M. and Br yan G. L. , Nature, 414 (2001) 425.
[42] Fabian A. C. , ARA&A , 32 (1994) 277.
[43] Nulsen P. E. J., Stew ar t G. C., Fabian A. C., Mushotzky R. F., Hol t S. S., Ku

W. H.-M. and Malin D. F. , MNRAS , 199 (1982) 1089.
[44] Fabian A. C., Nulsen P. E. J., Stew ar t G. C., Ku W. H.-M., Malin D. F. and

Mushotzky R. F. , MNRAS , 196 (1981) 35P.
[45] Cowie L. L., Hu E. M., Jenkins E. B. and York D. G. , ApJ, 272 (1983) 29.
[46] Heckman T. M., Ba um S. A., van Breugel W. J. M. and McCar thy P. , ApJ, 338

(1989) 48.
[47] Cra wf ord C. S., Allen S. W., Ebeling H., Edge A. C. and Fabian A. C. , MNRAS ,

306 (1999) 857.
[48] Johnstone R. M., Fabian A. C. and Nulsen P. E. J. , MNRAS , 224 (1987) 75.
[49] McNamara B. R. and O'Connell R. W. , AJ , 98 (1989) 2018.
[50] Hicks A. K. and Mushotzky R. , ApJ, 635 (2005) L9.
[51] Sarazin C. L., Burns J. O., Roettiger K. and McNamara B. R. , ApJ, 447 (1995)

559.
[52] Salom �e P., Combes F., Edge A. C., Cra wf ord C., Erlund M., Fabian A. C.,

Hatch N. A., Johnstone R. M., Sanders J. S. and Wilman R. J. , A&A , 454 (2006)
437.

[53] Peterson J. R., Kahn S. M., Paerels F. B. S., Kaastra J. S., Tamura T., Bleeker
J. A. M., Ferrigno C. and Jernigan J. G. , ApJ, 590 (2003) 207.

[54] Morris R. G. and Fabian A. C. , MNRAS , 338 (2003) 824.
[55] Fabian A. C., Allen S. W., Cra wf ord C. S., Johnstone R. M., Morris R. G.,

Sanders J. S. and Schmidt R. W. , MNRAS , 332 (2002) L50.
[56] Soker N., Blanton E. L. and Sarazin C. L. , A&A , 422 (2004) 445.
[57] White D. A., Fabian A. C., Johnstone R. M., Mushotzky R. F. and Arna ud

K. A. , MNRAS , 252 (1991) 72.
[58] Blanton E. L., Sarazin C. L., McNamara B. R. and Wise M. W. , ApJ, 558 (2001)

L15.
[59] Blanton E. L., Sarazin C. L. and McNamara B. R. , ApJ, 585 (2003) 227.



48 Craig L. Sarazin

[60] Burns J. O. , AJ , 99 (1990) 14.
[61] Taylor G. B., Fabian A. C. and Allen S. W. , MNRAS , 334 (2002) 769.
[62] Soker N. and Sarazin C. L. , ApJ, 348 (1990) 73.
[63] Sarazin C. L., O'Connell R. W. and McNamara B. R. , ApJ, 389 (1992) L59.
[64] B •ohringer H., Voges W., Fabian A. C., Edge A. C. and Neumann D. M. , MNRAS ,

264 (1993) L25.
[65] Huang Z. and Sarazin C. L. , ApJ, 496 (1998) 728.
[66] Rizza E., Loken C., Bliton M., Roettiger K., Burns J. O. and Owen F. N. , AJ ,

119 (2000) 21.
[67] Fabian A. C., Sanders J. S., Taylor G. B., Allen S. W., Cra wf ord C. S.,

Johnstone R. M. and Iwasawa K. , MNRAS , 366 (2006) 417.
[68] McNamara B. R., Wise M. W., Nulsen P. E. J., David L. P., Carilli C. L.,

Sarazin C. L., O'Dea C. P., Houck J., Donahue M., Ba um S., Voit M., O'Connell
R. W. and K oekemoer A. , ApJ, 562 (2001) L149.

[69] Clarke T. E., Sarazin C. L., Blanton E. L., Neumann D. M. and Kassim N. E. ,
ApJ, 625 (2005) 748.

[70] Young A. J., Wilson A. S. and Mundell C. G. , ApJ, 579 (2002) 560.
[71] Fujit a Y., Sarazin C. L., Kempner J. C., Rudnick L., Slee O. B., Roy A. L.,

Anderna ch H. and Ehle M. , ApJ, 575 (2002) 764.
[72] McNamara B. R., Nulsen P. E. J., Wise M. W., Raffer ty D. A., Carilli C.,

Sarazin C. L. and Blanton E. L. , Nature, 433 (2005) 45.
[73] Nulsen P. E. J., McNamara B. R., Wise M. W. and David L. P. , ApJ, 628 (2005)

629.
[74] Nulsen P. E. J., Hambrick D. C., McNamara B. R., Raffer ty D., Birzan L.,

Wise M. W. and David L. P. , ApJ, 625 (2005) L9.
[75] Pfr ommer C., En�lin T. A. and Sarazin C. L. , A&A , 430 (2005) 799.
[76] Churazo v E., Sunyaev R., Forman W. and B •ohringer H. , MNRAS , 332 (2002) 729.
[77] B �̂rzan L., Raffer ty D. A., McNamara B. R., Wise M. W. and Nulsen P. E. J. ,

ApJ, 607 (2004) 800.
[78] Cr oton D. J., Springel V., White S. D. M., De Lucia G., Frenk C. S., Gao L.,

Jenkins A., Ka uffmann G., Navarr o J. F. and Yoshid a N. , MNRAS , 365 (2006)
11.

[79] Vernaleo J. C. and Reynolds C. S., ApJ, 645 (2006) 83.
[80] Ber tschinger E. , ApJS, 58 (1985) 39.
[81] Minia ti F., Ryu D., Kang H., Jones T. W., Cen R. and Ostriker J. P. , ApJ, 542

(2000) 608.
[82] Ryu D., Kang H., Hallman E. and Jones T. W. , ApJ, 593 (2003) 599.
[83] Vikhlinin A., Markevitch M. and Murra y S. S., ApJ, 551 (2001) 160.
[84] Markevitch M., Govoni F., Br unetti G. and Jerius D. , ApJ, 627 (2005) 733.
[85] Kempner J. C., Sarazin C. L. and Ricker P. M. , ApJ, 579 (2002) 236.
[86] Markevitch M. and Vikhlinin A. , ApJ, 563 (2001) 95.
[87] Ricker P. M. and Sarazin C. L. , ApJ, 561 (2001) 621.
[88] Takiza wa M. , ApJ, 520 (1999) 514.
[89] Takiza wa M. , ApJ, 532 (2000) 183.
[90] Wik D. R., Sarazin C. L., Ricker P. M. and Rand all S. W. , ApJ, 680 (2008) 17.
[91] Kra vtso v A. V., Vikhlinin A. and Nagai D. , ApJ, 650 (2006) 128.
[92] Milgr om M. , ApJ, 270 (1983) 365.
[93] Sper gel D. N. and Steinhardt P. J. , Physical Review Letters , 84 (2000) 3760.
[94] Buote D. A. and Tsai J. C. , ApJ, 458 (1996) 27.
[95] Henriksen M. J. , ApJ, 407 (1993) L13.



Basic Pr oper ties of Clusters of Galaxies and The Physics of the Intra cluster Gas 49

[96] Edge A. C., Stew ar t G. C. and Fabian A. C. , MNRAS , 258 (1992) 177.
[97] McGl ynn T. A. and Fabian A. C. , MNRAS , 208 (1984) 709.
[98] G�omez P. L., Loken C., Roettiger K. and Burns J. O. , ApJ, 569 (2002) 122.
[99] Fabian A. C. and Daines S. J. , MNRAS , 252 (1991) 17P.

[100] Markevitch M., Ponman T. J., Nulsen P. E. J., Ba utz M. W., Burke D. J.,
David L. P., Davis D., Donnell y R. H., Forman W. R., Jones C., Kaastra J.,
Kellogg E., Kim D.-W., K olodziejczak J., Mazzott a P., Pagliar o A., Patel S.,
Van Speybr oeck L., Vikhlinin A., Vr tilek J., Wise M. and Zha o P. , ApJ, 541
(2000) 542.

[101] Forman W., Jones C., Markevitch M., Vikhlinin A. and Churazo v E. , High
Angular Resolution Cluster Observations with Chandra: A New View, in proc. of Merging
Processesin Galaxy Clusters, edited by Feretti L., Gioia I. M. and Gio vannini G. ,
Vol. 272 of Astrophysics and Space Science Library 2002, pp. 109{132.

[102] Schreier S., CompressibleFlow (Wiley , New York) 1982, pp. 182{189.
[103] Moeke W. E. , Approximate Method for Predicting Forms and Locatio of Detached

Shock Waves Ahead of Plane or Axial ly Symmetric Bodies (NASA Technical Note 1921,
Washington) 1949.

[104] Mazzott a P., Markevitch M., Vikhlinin A., Forman W. R., David L. P. and
VanSpeybr oeck L. , ApJ, 555 (2001) 205.

[105] Ettori S. and Fabian A. C. , MNRAS , 317 (2000) L57.
[106] Vikhlinin A., Markevitch M. and Murra y S. S., ApJ, 549 (2001) L47.
[107] Churazo v E. and Inogamo v N. , MNRAS , 350 (2004) L52.


