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1.1 Clusters of galaxies

Clusters of galaxies are the largest gravitationally bound structures in the universe. They have masses
ranging from =~ a few x 104 - 1015 M,. They typically contain tens (groups or poor clusters) to a few
hundreds of galaxies (rich clusters) spread over a region of roughly ~ 1 Mpc. A small fraction (about
5%) of galaxies in the present universe are bound in groups and clusters with a space density greater
than one galaxy per cubic mega-parsec (about two orders of magnitude greater than the average
density of galaxies in the field) (Dressler 1984). Some of these aggregations of galaxies are both dense
and populous. These galaxy clusters were first studied in detail by Wolf (1906) although the tendency
for galaxies to cluster on the sky had been noted long before this. A huge advance in the systematic
study of the properties of clusters occurred when Abell compiled an extensive, statistically complete
catalogue of rich clusters of galaxies (Abell 1958). Typically these rich clusters of galaxies contain
about a few hundred galaxies with a spread in luminosity of two orders of magnitude in a volume of
roughly a cubic mega parsec or more. Compared to these clusters, poor clusters or groups contain few
tens of galaxies with relatively high space densities compared to the average density of galaxies in the
field (Bahcall 1980). Optical photographs of two of the several most studied clusters of galaxies are
shown in Figure (1.1). The Virgo cluster is the nearest rich cluster to our own galaxy (Figure (1.1a));
the Coma cluster is the nearest cluster (Figure (1.1b)). Galaxies in clusters are mostly of the early
type, i.e. elliptical or SO galaxies, than late-type galaxies like spirals or irregulars. Rich clusters often
contain a centrally dominant galaxy (Mathews et al. 1964), typically a giant elliptical or SO, known as
the cD galaxy. Such galaxies normally reside in the deepest part of the potential well (Oegerle & Hill
1994) and are at the peak of the cluster X-ray emission (Jones et al. 1979). Historically, clusters were
first catalogued in the optical waveband. The two most extensive and often cited catalogues of rich
clusters of galaxies are those of Abell (1958) and Zwicky and his collaborators (Zwicky et al. 1961-
1968). Both these catalogues were constructed by identifying clusters as enhancements in the surface
number density of galaxies on the National Geographic Society - Palomar Observatory Sky Survey
(Minkowski & Abell 1963). A number of smaller catalogues have also now been compiled, consisting

of clusters in the southern sky or clusters at higher redshifts (z < 0.2).

1.1.1 The intracluster medium

In 1966, X-ray emission was detected outside our galaxy for the first time. This was from the region
around the galaxy M87 in the centre of the Virgo cluster (Byram et al. 1966; Bradt et al. 1967). Five
years later, X-ray sources were also detected in the directions of the Coma and Perseus clusters (Fritz
et al. 1971; Gursky et al. 1971a, b; Meekins et al. 1971). Since these are three of the nearest rich
clusters, it was suggested that clusters of galaxies might generally be X-ray sources (Cavaliere et
al. 1971). The launch of the Uhuru X-ray astronomy satellite permitted a survey of the entire sky
for X-ray emission (Giacconi et al. 1972) and established that this was indeed the case. These early
Uhuru observations indicated that clusters were bright X-ray sources, with luminosities typically in
the range of 10** erg s™!. These X-ray sources associated with clusters were found to be spatially
extended; their sizes being comparable to the size of the galaxy distribution in the clusters (Kellogg
et al. 1972; Forman et al. 1972). Unlike other bright X-ray sources, cluster X-ray sources did not
vary temporally in their brightness (Elvis 1976). Although several emission mechanisms like inverse
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Figure 1.1: Optical photographs of clusters of galaxies. (a) An optical photograph of the Virgo cluster
of galaxies. Pictured are several galaxies of the Virgo Cluster, the closest cluster of galaxies to the
Milky Way. The Virgo Cluster spans more than 5 degrees on the sky - about 10 times the angle
made by a full Moon. It contains over 100 galaxies of many types - including spirals, ellipticals, and
irregular galaxies. The Virgo Cluster is so massive that it is noticeably pulling our Galaxy toward it.
The above picture includes two galaxies that are also Messier objects: M84 and M86. M84 is the
bright elliptical galaxy just above the center of the photograph, and M86 is the bright elliptical galaxy
to its right. Photograph taken from APOD. (b) The Coma Cluster of galaxies pictured is a dense
cluster containing many thousands of galaxies. This picture was created at the WWW site Skyview,
a “virtual observatory” where it is possible to view any part of the sky in wavelengths from radio to
gamma-ray. Photograph taken from APOD.
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Figure 1.2: X-ray image of the central 1 Mpc of Coma cluster. The image was taken from
http://spiff.rit.edu/classes/phys240/lectures/gal_cluster/gal_cluster.html of
Michael Richmond’s lectures.

Compton emission of cosmic microwave background photons up to X-ray energies by relativistic
electrons within the cluster (Brecher & Burbridge 1972; Bridle & Feldman 1972; Costain et al. 1972;
Perola & Reinhardt 1972; Harris & Romanishin 1974; Rephaeli 1977a, b) or emission due to a
population of individual X-ray sources, like those found in our galaxy (Katz 1976; Fabian et al. 1976)
were proposed, the X-ray spectra of clusters were most consistent with thermal bremsstrahlung from
hot gas (Felten et al. 1966).

This interpretation required that the space in between the galaxies in clusters be filled with very
hot (=~ 108 K), low density (= 1073 atoms/cm?) gas. At such temperatures and densities, the primary
emission for a gas composed mainly of hydrogen is thermal bremsstrahlung (free-free) emission.
The bremsstrahlung emissivity at a frequency v of a plasma with ions of charge Z and an electron

temperature 7, is given by
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where n; and n, are the number density of ions and electrons, respectively. The Gaunt factor
gy (Z, T., v) corrects for quantum mechanical effects and for the effect of distant collisions, and is
slowly varying function of frequency and temperature, as given in Karzas & Latter (1961) and Kel-
logg et al. (1975). In fact, the observed X-ray spectra are generally fit fairly well by equation (1.1),
with gas temperatures of 2x 107 to 10® K, with the emission falling off rapidly at high frequencies,
as is observed (see review on X-ray emission from clusters by Sarazin, 1988). The clearest evidence
in favour of the thermal bremsstrahlung model was the detection of strong X-ray line emission from
clusters. In 1976, X-ray line emission from iron (Fe) was detected from the Perseus cluster of galaxies
(Mitchell et al. 1976), and shortly thereafter from Coma and Virgo as well (Serlemitsos et al. 1977).
The emission mechanism for this strong 7 keV line was deduced to be thermal since this emission
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Figure 1.3: X-ray isointensity of A2255 (left) and A2256 (right) superposed on optical photographs.
The smooth and symmetrical X-ray intensity distribution shows that these clusters are relaxed and
virialized. Images taken from Jones & Forman (1982).
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could be naturally reconciled with the ICM model with solar abundances of heavy elements. Thus, its
detection confirmed the thermal interpretation of cluster X-ray sources (see review by Sarazin 1988).

It is now confirmed that the bulk of baryonic matter in clusters consists of X-ray emitting plasma
at temperatures of tens of million Kelvin and is known as the intracluster gas (ICM). The majority of
the X-ray emission from the cluster comes from the ICM, and typically is in the range from 10*? to

o erg s~! (Forman & Jones, 1982). Figure (1.2) shows the X-ray image of the central 1 Mpc

about 1
of the Coma cluster. The X-ray emission is seen to be mostly diffuse and spread over the entire region
and not just concentrated in regions where the cluster galaxies are located. The ICM has densities
of 107 to 1072 cm™3 and temperatures of 2x107—10% K. The total mass of the gas is of the order
of fewx10'3 to 10'* M,. As to the origin of this gas, it is widely assumed that it had simply fallen
into the clusters from the great volumes of space between them, where it had been stored since the

formation of the universe (Gunn & Gott, 1972).

1.1.2 Dark matter in galaxy clusters and the intracluster medium

In the Cold Dark Matter (CDM) paradigm set out by Peebles 1982, Blumenthal et al. 1984 and Davis
et al. 1985, galaxy clusters arise from the gravitational collapse of rare high peaks of primordial
density perturbations in the hierarchical clustering scenario for the formation of cosmic structures
(Kaiser 1984; Bardeen et al. 1986; see Peebles 1980; Coles & Luchin 1995; Peacock 1999 for details).
It assumes that the matter content of the universe is dominated by an unidentified weakly interacting
massive particle called the dark matter, whose gravitational effects are responsible for the dynamics of
both galaxies and clusters. In this cosmogony, structures like galaxies and clusters are known to form
through non-linear gravitational collapse of dark matter, involving both periods of steady accretion
of mass, as well as violent merging episodes, in which two haloes of comparable mass collide to
give birth to a larger halo. Galaxy clusters form from such collapse of cosmic matter over a region
of several mega-parsecs. Cosmic baryons, which represent approximately 15% of the mass content
of the universe, follow the dynamically dominant dark matter during the collapse and are trapped
within these gravitational potential wells created by the dark matter haloes. At galaxy scales, they
condense and cool within these dark matter haloes (Rees & Ostriker 1977; White & Rees 1978) and
thus illuminate these structures. However in galaxy clusters, baryons are found in a hot, diffuse,
ionized plasma that constitutes the intracluster medium (ICM) (discussed in the earlier section).

The first evidence for the presence of dark matter in clusters was noticed by Smith (1936). In
his study of the Virgo cluster, he found that the mass implied by cluster galaxy motions largely
exceeded that associated with the optical light component. This was confirmed next by Zwicky
(1937). Dynamical measures of the quantity of mass in clusters rely on the basic Newtonian rela-
tion M (< r) ~ v>r/G. One assumes that the system is virialized or relaxed and incorporates various
possibilities for likely anisotropies in the galaxy orbits. This method is fundamentally limited by
the statistics of the finite number of galaxies as well as ambiguities about the cluster membership
(Canizares, 1999).

The crossing time for a cluster of size R can be defined as

R R ( gy )_l
f = S a Gyr. 1.2
o= (lMpC) 103kms—t/) " (12)
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Therefore, in a Hubble time, 7 ~ 10 Gyr, such a system has enough time in its internal region,
< 1 h~"Mpc, to dynamically relax — a condition that cannot be attained in the surrounding, ~ 10 Mpc,
environment. Assuming virial equilibrium, the typical cluster mass is
My ~ Rclo'g ~ ( R ) ( a, )2 1015 h_lM@ ) (1.3)
G 1 h~'Mpc/ \ 103 kms~!
Now, o, and R can be evaluated from the radial velocity distribution and the projected spatial distri-

bution of a fair sample of galaxies if one assumes that the positions of galaxies and the orientation of
their velocity vectors are uncorrelated (Limber & Mathews 1960). The first observations showed that
clusters of galaxies are associated with deep gravitational potential wells, containing galaxies with
a typical velocity dispersion along the line-of-sight of o, ~10° km s~' and Ry =~ 1 Mpc typically.
Thus for a region of 1 4~ 'Mpc (which would have relaxed within a Hubble time) with o, ~10° km
s~ (average rich cluster parameters), the total mass enclosed is My =~ 10> My, typically.

Another method which is extensively used to determine the total gravitational mass of clusters
and thus conclude about their dark matter content is X-ray observations. The test particles, here, are
electrons in the diffuse, hot plasma whose velocity is determined by measuring the plasma tempera-
ture which is typically around 108 K. In this method there are no velocity anisotropies to be dealt with
because the plasma is a collisional gas, but it is necessary to assume hydrostatic equilibrium, an as-
sumption made plausible by the very regular, nearly circular X-ray images of many clusters (Forman
& Jones, 1982; Jones & Forman, 1984). This can be seen from Figure (1.3) where the X-ray surface
brightness contours of both clusters, A2255 and A2256 are circular.

One example of the few clusters for which a full, joint analysis of optical and X-ray data has been
performed is A2256 (Henry et al. 1993 and Fabricant et al. 1989) with the ROSAT observatory. The
derived total mass density for A2256, and the visible components in gas or galaxies, are shown in
Figure (1.4). For A2256, Henry et al. (1993) found a total binding mass of 0.5 + 0.1 X 10"°M,, within
0.76 h%, Mpc.

Thus it can be concluded that there is abundant evidence from dynamical studies that clusters
with a wide range of richness contain significant amounts of dark matter. Recently, evidence for
significant quantities of dark matter has also been found in poor groups (Mulchaey et al., 1993;
Ponman & Bertram 1993; Ponman et al. 1994; Henriksen & Mammon 1994, see review by Mulchaey
2000; Helsdon & Ponman 2003). The X-ray data have traditionally been fit by models with a core
radius, within which the dark matter density profile becomes constant; with py,(r) o r2and o« 73
at larger radii. Typical core radii are around 100 to 400 kpc.

Another important tool to infer the total gravitational mass content in clusters is gravitational lens-
ing (Pello et al. 1991; Schneider et al. 1992; Kayser et al. 1992; Fort & Mellier 1994; and references
therein). Clusters and the galaxies they contain are very effective gravitational lenses, which both
magnify and distort the images of distant galaxies seen through the cluster. The strongest portion of
the lens is generally through the central 10-20 arc sec of the cluster. In the “thin lens” approximation,
appropriate for clusters, the strength of the lens is related to the surface mass density projected on
the sky. To get strong lensing, required for the so-called giant arcs, the surface mass density must
be > X, which has the surprisingly terrestrial value of ~ 0.5 — 1.0 gcm 2. For reference, this is
comparable to a few times the closure density (corresponding to Q = 1 projected over the Hubble

distance Dy, = ¢/H,) ie. p. X Dy, ~0.12gcm™2,
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Figure 1.4: The total, hot gas and galaxy densities as a function of radius in A2256 as determined
from the X-ray analysis of Henry et al. 1993. The width of the band gives an estimate of the 68%
confidence ranges.

Expressed in terms of mass enclosed within the radius of the arc, one has

M(Rye) ~ CzRarc Rare Dos (1.4)
"7 4G \Du, )\ DorDrs '

where Dgg, Dor and Dy g are the angular diameter distances from observer to source, observer to lens
and lens to source respectively.

With the refurbishment of the HST, spectacular images of arc(let)s and multiply imaged galax-
ies have permitted enormous progress in this field. It turns out that giant arcs are no longer the
strongest constraints on cluster mass distribution, because similar and even better information can be
obtained with spatially resolved HST images of arc-lets. The usual mass reconstruction technique
using arc(let)s present in the innermost regions (close to the critical lines where arcs are located) is
based on the assumption that the cluster mass density is smoothly distributed and can be expressed
analytically, possibly with addition of some substructures, and on the hypothesis that the observed
arc(let)s correspond to rather generic lens configurations, like caustics. These assumptions have al-
ready provided some convincing results using ground-based images, in particular with predictions
of the position of additional images (counter images) associated with arc(let)s (Hammer & Rigaud
1989; Mellier et al. 1993; Kneib et al 1993, 1995). In all cases, it was found that the core radius of
the dark matter distribution is small (< SOhI‘S0 kpc) and that its geometry is compatible with the faint
extended envelopes of light surrounding the giant cluster galaxies. The new investigations using the
detailed morphology of the numerous arc(let)s visible in the HST images have provided more refined
constraints on the dark matter distribution on the 100 kpc-scale (Hammer et al 1997, Gioia et al 1998,
Kneib el al 1996, Tyson et al 1998). They confirm the trends inferred from previous ground-based
data (see review by Mellier 1999 for details).
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Another powerful and complementary way to recover the mass distribution of clusters of galaxies
had been proposed by Kaiser & Squires (1993). It is based on the distribution of weakly lensed
galaxies rather than the use of giant arcs. In 1988, Fort et al. (1988) obtained at CFHT deep sub-
arcsecond images of the lensing-cluster A370 and observed the first weakly distorted galaxies ever

detected. The galaxy number density of their observation was about 30 arc-min~2

, mostly composed
of background sources, far beyond the cluster. These galaxies lensed by the cluster show a correlated
distribution of ellipticity/orientation which maps the projected mass density. The first attempt to use
this distribution of arc-lets as a probe of dark matter was undertaken by Tyson et al. (1990). The first
cluster mass reconstructions using the Kaiser & Squires linear inversion was done by Smail (1993)
and Fahlman et al (1994). This technique, which has been further developed in recent times, can
actually find mass distributions in much larger distance scales (=1 Mpc) in clusters, as compared to
the strong lensing technique which only can find mass distribution within the cluster cores.
Although relatively few arc systems have been modeled in detail, there is at least qualitative
agreement between the strong lensing models and the dynamical results from both X-ray and optical
(Fort & Mellier 1994; Miralda-Escude 1995). Weak lensing studies of several clusters also show that
on scales of about 1 Mpc, the geometry of mass distributions, the X-ray distribution and the galaxy
distribution are similar, though the ratio of each component with respect to the others may vary with
radius (see review of Mellier 1999). Thus it can be concluded that 80-90% of the total mass in clusters,
both rich and poor, is dark. Both the visible galaxies and the X-ray emitting gas correlate with the dark
matter and follow it but neither is an exact tracer. There are also processes other than gravitational
interactions which occur in the baryonic medium (ICM) in clusters and have considerable effects on
their physical properties. However to conclude, it can be said that the dynamics of galaxies and ICM

and their physical states are mostly determined by the dark matter content in galaxy clusters.

1.2 The self-similar hierarchical picture and baryons

An important constraint on theories of formation of cosmological structures is that they should be able
to account for the properties of rich clusters of galaxies. Ignoring the gas content, high resolution N-
body techniques are used to simulate the gravitational collapse of clusters and to study their mass
content and profiles. From the theoretical point of view, there are simple models which can predict
the growth of non-linear structures by gravitational instability from general linear scale-free initial
conditions. The basic problem of the collisionless collapse of a spherical perturbation in an expanding
background was first addressed by Gunn & Gott (1972) and Gunn (1977), where the cosmological
expansion and the role of adiabatic invariance were first introduced in the context of formation of
individual objects. The next step was achieved by Fillmore & Goldreich (1984) and Bertschinger
(1985) when they found analytical predictions for the density of collapsed objects seeded by scale-

free primordial perturbations in a flat universe.

1.2.1 Spherical collapse

One of the simplest models for the growth of non-linear structures by gravitational instability is pro-

vided by the homogeneous spherical collapse model. In this model, a spherical region with homoge-
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neous constant density is replaced with a somewhat smaller concentric sphere of matter. This makes
the sphere slightly over-dense as compared to the outer regions. The age of this “pressure-less dust”
sphere is so arranged that it is same as that of the background Universe, but that this sphere has nega-
tive total energy. Thus at an initial time #;, the density perturbation (averaged over the whole sphere)
has an amplitude 6; = (pi(r) —p)/p > 0 and |6;] < 1. This sphere is taken to be expanding with the
background universe in such a way that the initial peculiar velocity at the edge, V; is zero. The time
evolution of such an inhomogeneity is studied in this model (Appendix A). For an Einstein-de Sitter
universe, the maximum radius at turn around (i.e. where this sphere of matter would stop expanding
with the background universe and start its collapse), r, and the turn-around time, ¢, can be analyti-
cally solved for a given initial perturbation, ¢;. This model predicts that the average density contrast
of collapsed structures at any particular epoch, z, are same and is a function of the background den-
sity, pp ie. a constant at any given epoch. For an Einstein-de Sitter universe, the non-linear density
contrast of a collapsed structure =~ 180 and its linear extrapolation is =~ 1.68. Thus

Pdme = Ac(2) po(2)
~ 180py(z) (for Einstein — de Sitter universe), (1.5)

where, A.(z) is the critical over-density at the time of collapse for any cosmological model.

In principle, the reasons for which the spherical collapse picture should be able to predict the
density distribution of dark matter haloes is not clear. This is because the assembly of structures in the
universe is not expected to proceed by the infall of spherical shells, but rather through a hierarchical
series of merging events. Nonetheless, this model of spherical infall is very useful in describing
the non-linear regime in structure formation. It seems to reproduce features like the average density
distribution which have been seen in full scale numerical simulations of dark matter haloes (Zaroubi
1996; Moore et al. 1999; F.okas & Hoffman 2000; Ascasibar et al. 2004) and makes predictions about
different properties of rich clusters like X-ray luminosity, gas mass profiles which match roughly with

observations (Kaiser 1986).

1.2.2 Self-similar hierarchical evolution

In the hierarchical picture of structure formation, cosmic structure grows via gravitational instabilities
from small perturbations seeded in an early inflationary epoch. Since most of the mass is in the form
of collisionless cold dark matter, this dark matter determines the dynamics of baryons on large scales,
where hydrodynamic forces are unimportant compared to gravity.

In this picture, the initial small-amplitude density perturbations are assumed to take the form of
some homogeneous and isotropic random process. This initial density field gives rise to a hierarchy of
collapsing structures as the power spectrum for ACDM universe is such where smaller mass structures
collapse first. While the linear growth of fluctuations of arbitrary form can be solved analytically,
the situation becomes very complicated when the fluctuations turn around and collapse. However
simulations show us that at any time, concentrations of masses ie. collapsed structures progressively
come together and merge into larger bound structures (e.g. Frenk et al. 1988, Peebles 1993, Coles &
Lucchin 2002, Padmanabhan 1993 and references therein).

In the linear evolution of perturbations, there is a special set of initial conditions which are scale-

free. These initial conditions come from a background universe which has Qi = Qp + Qp = 1
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(a scale is introduced in the background universe when it is open or closed which is the scale of
curvature). So the amplitude of the initial density fluctuations is a power-law function and thus
scale-free. However, this initial self-similar spectrum gets modified as the universe evolves and the
fluctuations enter the horizon at the epoch of matter-radiation equality, zeq, and it typically picks this
scale. On scales corresponding to rich clusters, this scale is not important since they lie in a narrow
range of masses and the spectral index of the density fluctuations essentially remain a constant.

In addition, there is yet another scale which these initial self-similar spectrum of fluctuations pick
as they further evolve into the non-linear regime. In this regime, the density perturbations pick the
important physical scale in the problem, the mass-or-length scale of those fluctuations which are going
non-linear, Mnr.. Thus any dimensionless statistical property of the final density perturbations become
only a function of M/Myr and thus the final state ie. the average density contrast of a collapsed
structure is temporally self-similar. This approximation of self-similarity is valid and reasonable for
rich clusters since in these narrow range of masses, even in non-linear regime, the coupling between
fluctuations on very different mass scales is very weak. However, this assumption might pose a
problem if we go down in mass to very poor clusters and groups. To conclude, we can say that for
clusters, it is reasonable to model them as scaled versions of one another having dark matter densities

as universal.

1.2.3 Universal density profile of dark matter

One of the most interesting properties of the dark matter haloes found in numerical simulations is the
apparent universality of their radial density profiles, valid over several orders of magnitude in mass.

Early numerical work of Quinn et al. (1986) and Frenk et al. (1988), showed that dark matter
haloes have an isothermal structure (i.e. pgn o 7~2). However, later high resolution simulations by
Dubinski & Carlberg (1991) and Crone et al. (1994) had enough resolution to detect the first evidence
of non-power-law density profiles. Following these, Navarro et al. (1996, 1997, hereafter NFW) found
that haloes in their numerical simulations could be fitted by a simple analytical function with only two
parameters (e.g. a characteristic density and a characteristic radius). Their main result was that the
radial density profile was steeper than isothermal (pgm o 7~>) for large radii, and shallower (but still
diverging as pgm o #~ 1) near the centre. The corresponding logarithmic slope

dl
a(r) = M (1.6)
dlogr
varied smoothly between these two extreme values, being equal to isothermal (¢ = —2) at the char-

acteristic radius only.

Navarro et al. (1997) further showed that the characteristic parameters of a dark matter halo seem
to correlate to a certain extent. If this is true, then the final mass distribution of objects of different
mass could be described in terms of one-parameter family of analytical profiles. This also implies
that the many relevant quantities, such as virial mass, central density, or formation time, must be
correlated. Similar results have been found in several independent studies, using much higher mass
and force resolution than the original NFW. However, there is still some disagreement about the
innermost value of the logarithmic slope @ and its dependence on resolution. Moore et al. (1998a,
1999b), Ghinga et al. (1998, 2000) and Fukushige & Makino (1997, 2001, 2003) find even steeper
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Figure 1.5: Results from a spectroscopic de-projection analysis of a sample of 10 relaxed galaxy
clusters by Arabadjis et al. 2004 (astro-ph/0408362). A summary of the softened isothermal sphere
core radii (top) and power law slopes (bottom) are shown here. The gray band denotes the inner slope
predictions of numerical CDM experiments bracketed by the values from Navarro et al. (1996, 1997)
at a = -1 and Moore et al. (1996) at = -1.5
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density profiles near the centre (@ = —1.5), whereas other authors (Jing & Suto 2000; Klypin et
al. 2001) claim that the actual value of @ may depend on halo mass, merger history and substructure.

Observationally, the cold dark matter scenario, originally proposed to explain the observed flat
rotation curves of spiral galaxies, is extremely successful in describing the large-scale structure of the
universe and even the whole process of structure formation. Observations have shown an agreement
with the NFW profile for rich clusters, though there are problems with the universality of the value
of a at lower masses e.g. in dwarf spiral and LSB galaxies (Flores & Primack 1994; Marchesini
et al. 2002 and so on). Figure (1.5) shows the results from a deprojection analysis of a sample of
10 relaxed galaxy clusters taken from Arabadjis et al. (2004) (astro-ph/0408362). This figure shows
a summary of the softened isothermal core radii (top) and the power law slopes (bottom) of the
softened NFW profile. The gray band in the figure denotes the inner slope predictions of numerical
CDM experiments bracketed by the values from Navarro et al. (1996, 1997) at @ = —1 and Moore et
al. (1996) at @ = —1.5. As we see here, there is a fair agreement of the logarithmic slopes determined
from the X-ray observations of this sample of clusters with the NFW values. They find that the
central density slopes are mostly consistent with the predictions of A-CDM: —15 @ < -2. They
use a smoothed NFW profile with a core radius, . and also constrain the core size of the clusters.
Recent lensing observations also point to the fact that there might be a core in the dark matter profile
in clusters of the order of ~ tens of kilo-parsecs (Tyson et al., 1998; Shapiro & Iliev, 2000). Thus
a NFW profile with a softened core might be a better representation of dark matter profile and their
universal behaviour in clusters.

All this leads us to the question as to how would the baryons which are trapped in these dark
matter potential wells behave? Is it possible to predict the behaviour of the baryonic gas and their
observed properties from these known scaling laws of the gravitationally dominant dark matter in

galaxy clusters?

1.2.4 Gas infall and virialization in clusters

In the discussion so far on galaxy clusters and their formation, we have only considered collisionless
particles and their dynamics due to gravity. However, observable properties of the intracluster medium
(in X-rays) are determined by the physical state and the spatial distribution of the baryonic component
in the form of diffuse intracluster medium. So, it is extremely important to connect these theories of
structure formation to the baryons inside galaxy clusters to be able to predict their properties, either
by resorting to phenomenological relations between the dark and luminous components or by direct
self-consistent numerical modelling.

In principle, hot gas in clusters of galaxies should be easy to understand. Because of the relatively
low ratio of baryons to dark matter, the potential of a cluster is dark matter dominated. The dynamical
time within a cluster is shorter than a Hubble time, so most clusters should be relaxed (see below).
Also, the cooling time of most of the intracluster gas is longer than a Hubble time except that lying in
the very central regions of clusters. The same will be true of the somewhat smaller units from which
these clusters have assembled in the hierarchical scenario. The temperature of these sub-units will be
typically lower than the virial temperature of the final cluster. Thus the infall/merging process of these

sub-units will be supersonic, and the gas will be heated to the virial temperature by shocking. This
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process will be tremendously complicated. If dissipation is neglected, no additional physical scale is
introduced in this process. As a result the scaling laws of the collisionless dark matter component will
apply to this adiabatic gas component also. This would mean that the global properties of clusters,
such as halo mass, emission-weighted temperature, X-ray luminosity and entropy would scale self-
similarly (Kaiser 1986). This would also imply that the mean gas density (p,,;) would follow the mean
dark matter density (pg,) of the collapsed structure. Thus,

Pgas (for a collapsed cluster) ~ const. (at a particular epoch) (1.7)

Even, numerical simulations that include adiabatic gas-dynamics produce clusters of galaxies that
obey these scaling laws (e.g. Evrard et al. 1996; Bryan & Norman 1998).
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Figure 1.6: The relation between velocity dispersion, o, and ICM temperature, 7', for distant (z >
0.15) galaxy clusters. The solid line shows the relation kpTgas = ymp()'%, and the dashed line is the
best-fit to the low—z T'—0,, relation from Wu et al. (1999). The figure has been taken from Rosati et
al. 2002.

Observations of galaxy clusters in the X-ray band have revealed that the intracluster medium is
hot and of temperatures of the order of ~ a few times 107 to 108 K. The gas, the member galaxies and
the dark matter are mostly believed to be in virial equilibrium with each other and thus they all share
the same dynamics. Thus the thermal velocity of protons in the ICM, v, proton = 0, the velocity
dispersion of galaxies. As a result, the temperature of the ICM (7 ) is determined also by the depth

of the gravitational potential well it is residing in. It is typically given by

; (1.8)

2 GM,
koTgas =~ pmyv ( o ) eV = <

2 ~6—y
th,proton 103 kms‘l
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where m, is the proton mass and u is the mean molecular weight ( £=0.6 for a primordial composition
with a 76% fraction contributed by hydrogen). Observational data for nearby clusters (Wu et al. 1999)
and for distant clusters are actually seen to follow this relation (Figure (1.6)), although with some
scatter (Rosati et al. 2002). This correlation indicates that the idealized picture of clusters as relaxed
structures in which both gas and galaxies feel the same dynamics is a reasonable representation. There
are exceptions though which reveal the presence of more complex processes influencing the dynamics

of the baryonic gas in clusters.

1.2.5 Observable properties of the ICM

Let us now take a look at the other observable properties of the intracluster medium like X-ray lumi-

nosity, density profiles, gas entropy to see if they satisfy the predicted scaling relations.

1.2.,5.1 X-ray luminosity

A scaling law that is directly observable is the correlation between bolometric X-ray luminosity and

gas temperature, T,.. It is known that bremsstrahlung emissivity is given by (using self-similarity)

Ly o« nnTY*Rocp? TR

gas gas

o T2 (1.9)

gas

where, n, is the electron number density and #; is the ion density and since T,, o« (GM,/R,) o Ri
as the mean density, p,,, = const. at any particular epoch (Equation (1.7)). Thus Ly ngas or
equivalently Ly o« Mj/ 3 at any particular epoch, z.

However, the observed Ly—T,, relation shows that the above scaling is not satisfied. In fact, the

Ly—T,, relation is far steeper than the self-similar predictions. The observed relation is Ly o T;s
(e.g. Mitchell et al. 1979; Edge & Stewart 1991; David et al. 1993; Fabian 1994) for T,,, Z 2 keV
and possibly even steeper for 7,,, < 1 keV groups. This result is consistent with the finding that
Ly oc M with @ =~ 1s:0.1 for the observed mass-luminosity relation (e.g. Reiprich & Bohringer 2002).
Thus observations of X-ray luminosity versus temperature of clusters and groups find that there is

considerable deviation from the self-similar scalings.

1.2.5.2 Density profile of gas

A popular description of the gas density profile is the so-called S-model,

, 271-36/2
Pgas(r) = po {1 + (7) } (1.10)

C

introduced by Cavaliere & Fusco-Femiano (1976; see also Sarazin 1988 and references therein) to
describe an isothermal gas in hydrostatic equilibrium with a dark matter potential that follows an
analytical King profile (King 1962), pgm(r) o 1/(1 + x2)3/ 2 where x = r/re, 1e being the core-
radius. This SB-profile was introduced to describe the X-ray surface brightness profiles of galaxy
clusters. This parameter S is the ratio between kinetic dark matter energy and thermal gas energy
(see Equation (1.8)). This form for the density profile has been widely used in the literature (see e.g.
Rosati et al. 2002, for a review).
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Figure 1.7: (Left): Relation between bolometric luminosity and emission-weighted temperature in A-
CDM. Data are from Arnaud & Evrard (1999; filled squares), Allen & Fabian (1998; empty triangles),
and Ponman et al. (1996; empty squares). The dashed line refers to the self-similar case. The thick
and thin sold lines refer to different pre-heated models of cluster formation. The lower thick solid
line for T, < 1.5 keV shows the L-T relation at z = 0 defined within the projected radius of 100 /™!
kpc as in Ponman et al. (1996). The plot has been taken from Tozzi & Norman (2001). (Right): The
low-z relation between X-ray luminosity and the mass contained within the radius encompassing an
average density 200p. (from Reiprich & Bohringer 2002). The two lines are the best log—log linear fit
to two different data sets indicated with filled and open circles. The plot has been taken from Rosati

et al. (2002).

Figure 1.8: B plotted against system temperature for 20 galaxy clusters and groups. The dashed line
is § = 2/3 (Lloyd-Davies et al. 2000).
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We saw in the earlier section § (1.2) that the dark matter profile in collapsed structures is universal
and gas inside these structure follows dark matter. This fixes the value of 8 to be unigue and a constant
for all clusters (8 = 2/3). The normalization of the density profile is fixed by scaling with the mass
of the cluster.

However, observations showed large deviations from this — 8 was found to vary with cluster
temperature or mass, as is seen in Figure (1.8). The value of g is smaller than predicted by self-
similarity. This means that the density profiles are shallower as compared to theoretical predictions.
This shows, again, that in reality, gas in galaxy clusters do not follow the simple scaling laws as dark

matter does.

1.2.5.3 Entropy of the ICM

Another physical property of the intracluster gas which can be determined by X-ray measurements is
the entropy. This is the entropy as defined for an ideal gas devoid of the logarithm and the constants.
It is often referred to as the “adiabat”. This is defined as

Tgas

2P

S = (1.11)
where 7, is the electron number density and T'gys is the temperature of the intracluster gas.

Following the self-similar scaling arguments (as stated earlier), § o Tg, since the mean density
of gas, pgas = const. at a particular epoch. Thus the entropy of a cluster should be proportional to
the average weighted temperature of the system. However, observations show, yet again, that there
are deviations from this simple scaling, as seen in Figure (1.9). It can be deduced from Figure (1.9)
that rich clusters (above 4 keV) still follow this scaling but there are considerable deviations from this
scaling for all clusters below 4 keV. It is also seen that there is a flattening in the relation between
entropy and system temperature below Ty, < 2 keV at around 100 keV cm?. This was termed as the
“entropy floor” in literature since there seemed to be a value of entropy below which it does not dip
however much might the temperature of the cluster decrease.

Several authors have estimated the entropy of the ICM due to pure gravity at 0.1R,;, ie. 10% of
the virial radius by assuming that gas is in hydrostatic equilibrium with the background dark matter
potential and follows the universal NFW profile which dark matter in clusters assume (Bryan 2000,
Wu & Xue, 2002). They have also found that the entropy of the ICM due to gravity alone falls short
of the observed entropy. The entropy excess observed is seen to increase with the decrease in cluster
mass. However, as mentioned above, earlier data seemed to suggest an “entropy floor” below clusters
of temperature 2 keV.

On the advent of new and better data for larger number of galaxy clusters and groups, this “entropy
floor” vanished. It was established that this was more of an artifact due to the extrapolation which
had to be done by Lloyd-Davies (2000) for the scarcity of low temperature systems (Ponman et
al. 2003). This new data showed that the § —T, relation is shallower than the self-similar predictions
(S (0.1Ryj;) x Tgé? with no floor at 100 keV cm?). This means that the gas is actually at a higher
entropy level or higher adiabat than that predicted by these structure formation models. Thus the gas

is probably heated by some mechanism other than gravity.
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Figure 1.9: Gas entropy at 0.1Ry;; against system temperature for 20 galaxy clusters and groups. The
dotted line is a § oc Tgy fit to the systems above 4 keV (Lloyd-Davies et al. 2000).
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Figure 1.10: Binned data of 66 virialized clusters, rich and poor from Ponman et al., 2003 showing
gas entropy at 0.1R.;. as a function of the cluster temperature . The solid line shows the self-similar
scaling, S oc Tgys.
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Figure 1.11: The average temperature profiles for groups and clusters within different interval of
T.y, emission-weighted temperatures. This is a result of a hydrodynamical simulation by Borgani
et al. 2004. They find the universal behaviour of the gas temperature profiles of clusters of different

masses.
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1.2.6 Departure from self-similarity in clusters

From the above comparisons of these observed scaling relations with the self-similar predictions, it is
almost evident that self-similarity is broken in galaxy clusters. One of the reasons which is ascribed
to the breaking of these scaling relations is heating of the intracluster gas at some earlier epoch by
feedback from some non-gravitational astrophysical source like supernovae or AGNs. This was first
suggested by Kaiser (1991) and he termed it as “pre-heating”. It was also subsequently used by
Evrard & Henry (1991) to explain the shape of the local X-ray luminosity function of clusters. This
heating of the gas would increase the entropy of the ICM, place it on a higher adiabat, prevent it from
reaching a high central density during the cluster gravitational collapse and, therefore, decrease the

X-ray luminosity (see review by Rosati et al. 2002 and references therein).

Contrary to this pre-heating scenario, there is another scenario which was also suggested by sev-
eral authors to explain this aberrant behaviour of clusters and groups from self-similarity. In this
scenario, gas cooling is suggested to be the solution to this problem in poorer clusters and groups
(Bryan 2000; Voit & Bryan 2001). This model is based on two simple ideas: (1) small clusters and
groups have converted more of their baryonic gas into galaxies than have large clusters, and (2) the
gas that goes to form the galaxies is preferentially lower in entropy, thus raising the mean entropy of
the gas that remains. This means that not only do small clusters have a smaller gas fraction ( fg,s) but
the gas that is there has a higher entropy — and lower density — than it would in simple self-similar
scaling models. Because of the density-squared nature of the X-ray emission, this substantially dimin-
ishes the luminosity of groups and small clusters, resulting in a steeper Lx—T g, relation, as observed.
The effective entropy increase is most noticeable in the centre of the cluster, which is just where the
entropy floor is observed. This scenario, even though plausible, has become less favoured because
of the larger observational evidence of AGN heating in clusters and also better estimates from X-ray
of entropy profiles in clusters which indicate that there are deviations from self-similarity in all mass

clusters, both rich and poor clusters.

The assumptions of adiabatic infall of gas in galaxy clusters leading to same scaling relations
as the dark matter and also of isothermality are too simplistic. Recent numerical simulations of the
intracluster medium with gravity alone show that the density structure of the intracluster gas does
not follow the dark matter. The inclusion of the collisional terms in the physics of these baryons
bring about changes in their final density profile from the background dark matter density profile.
Also, observations show that clusters have temperature profiles and are not isothermal (Markevitch
et al. 1998). More recently, the analysis of BeppoSAX observations accomplished by De Grandi
& Molendi (2002) concluded that temperature profiles of galaxy clusters can be described by an
isothermal core followed by a rapid decrease. Simulations of galaxy clusters also find that there is
an “universal” behaviour of temperature profiles and are definitely not isothermal (Loken et al. 2002;
Ascasibar et al. 2003, Borgani et al. 2004 and references therein).

Thus it can be concluded that the behaviour of the baryons inside galaxy clusters is complex. The
gravitational interaction of these baryons with the background dark matter potential and the collisions
among themselves lead them to have physical properties which are different from simple scaling
laws obeyed by the collisionless dark matter. In addition, there are other processes in baryons like

non-gravitational heating from other astrophysical sources inside galaxy clusters, radiative cooling,
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thermal conduction and dissipation which lead them to have observable properties which scale in a

very different fashion from self-similarity.

1.3 Pre-heating and the ICM

Pre-heating was first suggested by Kaiser (1991) to explain the strong negative evolution of clusters
in X-ray surveys. In this scenario, the gas was assumed to experience some additional early heating
from some astrophysical source before or as it fell into the cluster potential. The simple model
which Kaiser (1991) suggested led to the prediction of a steeper Lx—T g relation as compared to the
self-similar one. A description of this model is as follows: at some early epoch, some agency (e.g.
heating from supernova explosions) injected some additional energy into the gas and it was raised to
an initial uniform temperature 7; and had density p; = (871/ S)ansHiz. These uniform density and
temperatures are reasonable because conditions are atleast close to uniform when averaged over the
mass scale of a present day rich cluster (a co-moving radius of ~ 10 ~~! Mpc). Now this gas is at a
higher temperature than the virial temperature of the dark matter clumps existing then and would thus
be unperturbed mostly by the dark matter clustering. However, as time goes on, the gas temperature
will cool adiabatically with 7 o a~2 (a being the scale factor), the potential wells will deepen and
the gas will become inhomogeneous and settle into these evolving potential wells approximately
adiabatically. Shocks, if any, would be very weak. With these assumptions, Kaiser (1991) showed
that Ly o« ®7/2 T;ész where @ is the gravitational potential of the dark clump o Ty (see Appendix
B for full derivation).

Subsequently, this pre-heating scenario was adopted by several other authors to explain the en-
tropy and X-ray luminosity observations in more recent times. Early pre-heating by non-gravitational
sources like supernovae driven galactic winds, quasars and radio galaxies would lead to the increase
in the entropy of the gas, place it on a higher adiabat, prevent it from reaching a high central density
during the cluster gravitational collapse and, therefore, settle into a shallower density profile. This
would decrease the X-ray luminosity and make the entropy of this gas higher than the expectations
due to just pure gravitational infall without preheating (e.g. Metzler & Evrard 1994; Navarro J. E,
Frenk et al. 1995; Bower R. G. 1997; Cavaliere et al. 1997; Ponman et al. 1999; Balogh et al. 1999;
Tozzi & Norman 2001 and references therein). For a fixed amount of extra energy per gas particle,
this effect is more prominent for poorer clusters, i.e., for those objects whose virial temperature is
comparable with the extra-heating temperature. As a result, the self-similar behaviour of the ICM
is expected to be preserved in rich clusters, whereas it is broken for colder systems. Both semi-
analytical works (e.g. Cavaliere et al. 1998; Balogh et al. 1999; Wu et al. 2000; Tozzi et al. 2001)
and numerical simulations (e.g. Navarro et al. 1995; Brighenti & Mathews 2001; Bialek et al. 2001;
Borgani et al. 2001) have indicated that ~ 1 keV/particle of extra energy is required to reconcile with
Lx—Tgas and S—Tgys observations. The idea of early heating by some non-gravitational source like
star formation, Pop III stars, supernovae and AGNss is attractive because the gas density is low then
and so the entropy can be increased with a smaller energy expenditure per particle. However, several
authors now have also addressed this problem by suggesting that the gas is being currently heated by

active AGNs and quasars residing inside clusters (see chapter (3)).
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1.3.1 Supernovae and ICM heating

One of the most energetic explosive events ever known is a supernova. These occur at the end of
a star’s lifetime, when its nuclear fuel is exhausted and it is no longer supported by the release of
nuclear energy. If the star is particularly massive, then its core will collapse and in so doing will
release a huge amount of energy. This will cause a blast wave that ejects the star’s envelope into
interstellar space. The result of the collapse may be, in some cases, a rapidly rotating neutron star that
can be observed many years later as a radio pulsar.

There are two types of supernovae identified from their light curves: Type I and Type II. Type 1
exhibit a sharp maximum in luminosity and then have a gradual decline with time. Type Il exhibit
a broader peak at maximum and then decline more quickly. The spectra of type II supernova do not
show lines of H which means that they come from highly evolved objects. The basic models for Type
I and Type II are:

Type I - a binary model (red giant and white dwarf) where the accreted mass is so high it pushes the
white dwarf over the chandrashekar limit. The core collapses igniting the carbon in one big burst.

The star blows itself to bits and no remnant remains.
Type 11 - a massive star burns all its fuel up until iron and collapses.

In clusters, it is Type II supernovae which is thought to be the candidates which can drive galactic
winds and heat the intracluster medium. Thus in the context of the intracluster medium, it is believed
that star formation would proceed rapidly in cold gas inside galaxies which would lead to Type 11
supernovae. This is assumed to continue until the energy from supernovae is sufficient to eject the
remaining gas out of the halo, or until the cold gas is used up. Gas that is ejected from a galaxy, as
seen in Figure (1.12), is expected to re-collapse within the same potential well and be a part of the
intracluster medium (Wu et al. 1998, 2000). The energy per supernova available for the ejection of gas
is approximately ~ 4 x 103 erg (Spitzer 1978). Although the total energy released by a supernova
is typically =~ 10°! erg, a large fraction of this is likely to be radiated, especially if the supernova
explodes in cold gas (Wu et al. 2000). The presently most reliable diagnostic of supernova heating
in clusters — that presumably occurred during star formation-driven galactic outflows at early epochs
— is the ICM silicon abundance. Only iron abundances are determined more accurately; however,
the amount of energy ejection associated with the mass of Fe in the ICM is sensitive to the poorly
determined (e.g., Gibson et al. 1997) relative fractions of Fe originating from Type Ia (SNe Ia) and
Type 1I (SNe II) supernovae. Not only have accurate Si abundances been determined for a large
sample of clusters (Fukazawa et al. 1998), but the explosion energy per Si yield is similar in standard
SN Ia and SN II models (e.g., Gibson et al. 1997). The equivalent temperature of the injected energy
can be expressed as

kTSN = 1.6 Zs; ey keV (1.12)

cq
where Zg; is the ICM Si abundance, relative to solar, and egy is the average injected energy per

supernova in units of 103! erg (Loewenstein 2000).

Thus the global-average heating is of the order of 1 keV per particle if esy ~1 since the Si
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Figure 1.12: This image highlights the the galactic wind coming out from this remarkable star-burst
galaxy, M82. This is a result of violent star formation and blasts from supernova explosions which
have created a billowing cloud of expanding gas emerging from the galaxy. This image is a result of
combining a wide field image from the WIYN Telescope in Arizona with a smaller high-resolution
image from the orbiting Hubble Space Telescope. Credit: M. Westmoquette (UCL), J. Gallagher
(U. Wisconsin-Madison), L. Smith (UCL), WIYN/NSF, HST, NASA/ESA.

abundance in rich clusters is =~ 0.7 (Fukazawa et al. 1998) and is around =~ 0.3 in poor clusters and
groups ( Davis et al. 1999; Hwang et al. 1999). This however requires a very high energy-deposition
efficiency into the ICM. Roughly, the efficiency for the energy released in a supernova explosion to
convert into mechanical energy which would drive the galactic wind is thought to be around 1/10th -
1/100th which makes the average energy deposited per particle become ~ 0.1 keV-0.01 keV. Thus it
can be seen that the excess energy required in clusters and groups of galaxies far exceeds the energy
which can be deposited by supernovae driven outflows (Valageas & Silk 1999; Kravtsov & Yepes
2000).

1.3.2 Active galactic nuclei and the intracluster medium

Active galactic nuclei (abbreviated as ‘AGN’) are galaxies which have a small core of emission em-
bedded in an otherwise typical galaxy. This core may be highly variable and very bright compared
to the rest of the galaxy. Models of active galaxies concentrate on the possibility of a super-massive
black hole (10° to 10° My) which lies at the center of the galaxy. The dense central parts of the
galaxy provide material which accretes onto the super-massive black hole releasing large amount of
gravitational and electromagnetic energy.

There are several types of active galaxies: Seyferts, quasars, blazars and radio-galaxies. In ~10%
of the AGN, the super-massive black hole and the accretion disk produce narrow beams of energetic
particles and magnetic fields, and eject them outward in opposite directions away from the disk. These
are the jets, which emerge at nearly the speed of light. Radio galaxies, quasars, and blazars are AGNs

with strong jets, which can travel outward into large regions of intergalactic space. Many of the
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apparent differences between types of AGN are due to our having different orientations with respect
to the disk. With Blazars and Quasars, the line of sight is down and along the jet axis. For Seyferts,
the jet is being viewed broadside. AGNs release large amounts of energy to their environments,
in several forms. In luminous AGNs such as Seyfert nuclei and quasars, the most obvious output
is radiative and this affects the environment through both radiation pressure and radiative heating.
Although jets and winds are usually associated with radio galaxies, which often release the bulk of
their power in this form (Rees et al. 1982; Begelman, Blandford, & Rees 1984), recent theoretical
and observational developments suggest that most accreting black holes can also produce substantial
outflows. Numerical simulations suggest that accretion disks, which transfer angular momentum
and dissipate binding energy via magneto-rotational instability, may inevitably produce magnetically
active coronae (Miller & Stone 2000). These are likely to generate outflows that are further boosted
by centrifugal force (Blandford & Payne 1982). Outflows in broad absorption-line (BAL) QSOs
(Arav & Li 1994; Arav, Li, & Begelman 1994; Murray et al. 1995) have shown circumstantial
evidence for acceleration by radiation pressure (Arav 1996; Arav et al. 1999). In addition, they
could also be boosted hydro-magnetically. Whatever the acceleration mechanism(s), these winds
are probably accelerated close to the central engine, and therefore should be regarded as part of the
kinetic energy output. New spectral analyses of BAL QSOs, made possible by observations with the
Hubble Space Telescope, imply that the absorption can be highly saturated (Arav et al. 2001) and
may originate far from the nucleus (de Kool et al. 2001). This indicates that the kinetic energy in
the BAL outflows is larger than previously thought and can approach the radiation output. Moreover,
new evidence suggests that relativistic jets are common or ubiquitous in X-ray binaries containing
black hole candidates. While the energetics of these outflows are not yet fully established, their
environmental impacts may be substantial (Heinz 2002).

At an energy conversion efficiency of ec? per unit of accreted mass, an accreting black hole liber-
ates 101°(€/0.01) erg per gram (Begelman 2001). In principle the efficiency could be ~ 6 to more than
40 times larger than this (depending on the black hole spin and boundary conditions near the event
horizon: Krolik 1999; Agol & Krolik 2000), but the estimate quoted above is the most conservative
one. Here, € can be seen as the efficiency of kinetic energy production, since this is probably the most
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effective means by which black holes affect their surroundings. Under many circumstances, feedback
via kinetic energy injection can be quite efficient. Both radiative heating and acceleration by radi-
ation pressure, on the other hand, have built-in inefficiencies. In both photo-ionization heating and
Compton heating, only a fraction of the photon energy goes into heat, the majority being re-radiated.

However, the efficacy of kinetic energy injection depends on the structure of the medium in which
it is deposited. The speed of a shock or sound wave propagating through a medium will be highest
with the lowest density structure. Dense regions will be overrun and left behind by the front, as
first pointed out by McKee & Ostriker (1977) in connection with supernova blast waves propagating
into the interstellar medium. Consequently, most of the energy goes into the gas which has the
lowest density (and is the hottest) to begin with. The global geometric structure of the ambient gas
is important as well. Since a wind or hot bubble emanating from an AGN will tend to follow the
“path of least resistance,” a disk-like structure can lead to a “blowout” of the hot gas along the axis.
A more spherically symmetric gas distribution will tend to keep the AGN energy confined in a bubble
(Begelman 2001 and references therein).

AGN feedback due to kinetic energy injection is perhaps most evident in clusters of galaxies.
Recent observations of intracluster gas by Chandra and XMM-Newton indicate that some energy
source is quenching so-called “cooling flows” in clusters of galaxies (Allen et al. 2001; Fabian et
al. 2001; Peterson et al. 2001). Energy injected by intermittent radio galaxy activity at the cluster
center is the most likely source. This is specially important because 70% of cooling flow clusters
harbour radio galaxies in their centres (Burns 1990). This same form of energy input, spread over
larger scales, could also be the source of non-gravitational heating in galaxy clusters and groups
(Valageas & Silk 1999; Nath & Roychowdhury 2002). In the life-time of a radio-galaxy, with the jet
being active for around ~ 107 years, the energy released is typically ~ 100 erg. This is typically =~
the amount of total energy required by a cluster if the excess energy required to satisfy observations
is ~ 1 keV/particle (assuming that the electron density of the ICM is n, ~1072 cm™3 and volume of
the cluster is Vi = (4/3)r (1 Mpc)?).

There are different phases in the evolution of a radio galaxy. They evolve through three stages
where only the first of which are dominated by the jet momentum. Although the radio morphologies in
powerful (Fanaroff-Riley class II) sources are dominated by the elongated lobes and compact hotspots,
most of the energy accumulates in a faint “cocoon” that has a thick cigar-like shape (Blandford &
Rees 1974; Scheuer 1974). The same is probably true of the weaker FR I sources, which appear to be
dominated by emission from turbulent regions along the jet. The over-pressured cocoons (with respect
to the ambient medium) drives a shock “sideways” at the same time as the jets are lengthening their
channels by depositing momentum. The sideways expansion catches up with the lengthening very
soon. Dynamically, active radio galaxies with over-pressured cocoons resemble spherical, supersonic
stellar wind bubbles (Castor, McCray & Weaver 1975; Begelman & Cioffi 1989). Soon after the
evolution is dominated by buoyancy when the pressures inside the cocoon has equilibrated with the
ambient medium (Gull & Northover 1973). Cygnus A, which has been expanding for several million
years now, is hundreds of kpc across and is still over-pressured by a factor ~ 2—3 with respect to the
ambient medium (Smith et al. 2002). However most radio galaxies found in clusters seem to have
evolved into the buoyancy-driven stage fairly early. The direct influence of a radio galaxy on its

surroundings does not end with the end of the momentum-driven stage and the onset of the buoyancy-
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driven stage. Buoyant bubbles of hot, relativistic plasma can “rise” for considerable distances inside
the cluster atmosphere maintaining their identity and spreading the AGN’s energy output widely.
Recent X-ray observations by Chandra and XMM-Newton has detected such buoyant bubbles
as X-ray depressions or ‘X-ray holes’ bounded by bright (cool) rims. Some examples of clusters
where such depressions have been observed are Perseus (Fabian et al. 2003), Hydra A (McNamara
et al. 2000), MKW 3s (Mazzotta et al. 2002) and many others. Recently, Birzan et al. 2004 reported
the presence of X-ray holes or depressions associated with a central radio galaxy in ~ 16 clusters.
Simulations and analytical calculations also show that such bubbles can exist and buoyantly rise up
in the cluster atmosphere (Churazov et al. 2001; Briiggen & Kaiser 2001 and many others). These
bubbles can do more than just offset radiative losses in the cores of clusters. They can rise up to
larger radii in clusters and inject energy into the intracluster medium. Thus “bubble heating” can be

formulated as one of the sources for non-gravitational heating in clusters.

1.4 Motivation

In the earlier sections § (1.1) and § (1.2), we saw that clusters of galaxies and the intracluster medium
have been studied in detail by several authors through last several decades. Yet, with the advent of
better X-ray telescopes, new facts are being discovered about the intracluster medium which have
raised new issues or have raised questions about our understanding of certain old issues. One such
issue is the departure of the baryonic gas inside clusters from self-similar scaling laws predicted
from structure formation theories. Numerical simulations are slowly acquiring a stage where they
can address issues related to non-linear collapse of objects and the gravitational interaction of gas
and dark matter. However X-ray observations still show departures from the theoretical predictions
which assume that gravitational interactions alone determine all physical properties and dynamics
of baryons in clusters. This has led to the suggestion that the gas inside clusters is influenced by
non-gravitational processes. In the last section § (1.3), we saw that one such process is pre-heating
of the baryonic gas before or as it fell into the gravitational potential of dark clumps by astrophysical
sources like supernovae driven outflows, AGNs and violent star-formation.

The main motivation of this thesis is to address this issue of non-gravitational heating from active
galactic nuclei and quantify the energetics of this process. In doing this, we have first modeled the
intracluster medium in hydrostatic equilibrium with the background dark matter potential to quan-
tify the state of the gas due to pure gravity. This was done to re-estimate the exact requirement of
excess energy from non-gravitational sources to reconcile with recent detailed and improved X-ray
observations. Using this new estimate of the excess energy/entropy required to reconcile with obser-
vations, we have devised models by which AGNs and their bubbles can heat the intracluster medium
and have shown that the recent observations can be satisfied by AGN heating. In our first model
of AGN heating, we have evaluated the statistics of AGNs in clusters and groups. We have used a
simple model of heating of the ICM by mechanical work done by jets as they expand into the ICM
and by over-pressured cocoons to quantify the total excess energy which AGNs can deposit into the
intracluster gas as a function of the cluster mass and temperature. This model considers only the first
two violent phases of AGN activity where the jet is active and the cocoon expands into the ICM as it

is over-pressured compared to the ambient medium. However, in our next models of AGN heating,
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we consider the more quiescent phase of AGN activity where the heating is gentle. This heating is
due to the expansion of buoyant bubbles as they rise in the ICM due to the pressure gradient. Infact,
this phase is also seen to be quite an important phase in the life-time of an AGN and can add to the
total mechanical energy an AGN can contribute to the ICM. We have modeled this phase of AGNs
to explore the possibility of heating the ICM by such bubbles arising out of few active phases of a
single central AGN inside the cluster. Such models have become very plausible and attractive since
they are thought to be important in solving the problem of precipitous radiative cooling in the centres
of clusters. Infact, it is believed that these AGNs, which are mostly found to in the central galaxy in
clusters, are fueled by accretion from cooling flows. This triggers the AGN to become active again.
Thus they go through several such active and quiescent cycles and regulate cooling flows in clusters
(Kaiser & Binney (2003)).

1.5 Layout of the thesis

Chapter 2: In this chapter, we address the issue of quantification of excess entropy or energy, over
and above the gravitational entropy or energy of the ICM, required to satisfy observations. We esti-
mate the density profile of intracluster gas using the “universal temperature profile” and hydrostatic
equilibrium. We compare the earlier estimates of gas entropy profiles, X-ray luminosity, gas fraction
and so on, using self-similar density profiles, with our new estimates.

Chapter 3: In this chapter, we model quasar outflows and estimate the energy which a single quasar
can contribute to the surrounding medium. In addition, we also estimate the number of quasars or
AGNs that can reside inside a cluster of some mass ie. we derive the mass function of quasars inside
clusters. Using these facts, we finally estimate the total excess energy which can be contributed by a
population of quasars inside a cluster. We show that the amount of excess energy required in clusters
and groups from non-gravitational sources to reconcile with observations can be wholly provided by
radio-galaxies and BAL quasars.

Chapter 4: In Chapter (4), we model the heating due to buoyant bubbles from an active galactic
nuclei of the ICM. We consider two models of AGN heating here: one where “effervescent heating”
is combined with convection and radiative cooling and the other where “effervescent heating” is
combined with thermal conduction and cooling. We show that AGNs in this phase of their life, which
is very gentle and have hardly any strong outflows, can also provide mechanical energy into the
surrounding medium. We show that this energy is enough to heat the medium and raise its entropy so
much so that it can satisfy the observed entropy values.

Chapter 5: Finally in this chapter, we explore the ramifications of such heating via “effervescent
mechanism” and thermal conduction of the intracluster gas on another observable property of the
ICM, the thermal Sunyaev-Zel’dovich effect. We find that our heating models have some predictions
which can be verified with new upcoming telescopes which are going to look at SZ effect from clus-
ters. Infact, we see that non-gravitational heating in clusters would have considerable effects on the
SZ temperature decrements and thus these observations can serve as another important constraint on

such heating models of clusters.
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