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Abstract
Observations of clusters of galaxies present a unique probe of cosmological parame-

ters. We summarize the observations that can be made of the cluster galaxies and the
IntraCluster Medium, and examine the measurements of cosmological parameters that
can subsequently be obtained. We then discuss at the common components of analyt-
ical models of the IntraCluster Medium, and review three models. Finally, we look at
the types of numerical simulations that can be utilized to simulate clusters of galaxies,
including various N-body and hydrodynamic schemes.
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1 Introduction

The IntraCluster Medium (ICM), also known as the intergalactic medium or the intra-
cluster plasma, consists of a dark matter halo and a hot baryonic gas located at the
centre of clusters of galaxies. The gas is heated predominantly by energy from the clus-
ter’s gravitational well, although other effects also provide a source of energy. Due to
its temperature, it emits in X-rays thermally, and it can also be observed via its effect
on photons from the Cosmic Microwave Background (CMB). It has cosmological impor-
tance as it provides a tracer for locating clusters of galaxies, the distribution of which
can provide constraints on fundamental cosmological parameters.

In general, a cluster is defined as a set of over 50 galaxies in close (. 2Mpc) proximity
to each other, following the pioneering work done by Abell (1958). Sets of galaxies
smaller than this are termed “galaxy groups”. In addition, clusters of galaxies can be
allotted a “richness” depending on the number of galaxies within them (see Table 2).

Only about 10% of the baryonic mass of clusters is in the galaxies in the cluster;
the remainder is in the intracluster medium. In turn, the baryonic mass is only around
a seventh of the total mass of the cluster (Ostriker et al., 2005). As such, individual
galaxies are generally neglected in models of the intracluster medium, although some
effects that result from the galaxies may need to be accounted for.

§2 of this review discusses the various ways by which clusters can be observed, and
what can be seen by each observational method. §3 discusses the cosmological effects and
results of clusters. §4 covers several approaches to analytical models of the intracluster
medium, while §5 reviews the various types of computational simulations that can be
utilized. §6 concludes the report.

Further information along a similar vein as this article can be found in the review
by Voit (2004).

2 Observations

Observations of clusters of galaxies utilize a wide variety of frequencies. Optical and
infrared observations locate individual galaxies, while observations through X-rays and
microwaves can detect the intracluster medium.

Richness class Galaxy counts
0 30–49
1 50–79
2 80–129
3 130–199
4 200–299
5 300 or over

Table 1: Richness classes, as defined by Abell (1958).
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2.1 Optical and infrared

Figure 1: The Coma Cluster (Abell 1656) at 645nm. From the Digitized Sky Survey.

Clusters of galaxies have been identified using optical wavelengths since the late
18th century (see Biviano, 2000, for a historical review). The standard catalogue for
the subject is that published by Abell (1958) (also Abell et al., 1989), which focuses
on clusters with more than 50 component galaxies that are fairly close to our galaxy
(z ≈ 0.2).

Optical observations show that there is frequently a Brightest Cluster Galaxy (BCG)
or a first-ranked galaxy at the centre of galaxy clusters. These are mostly evolved,
elliptical galaxies. Around 20% are surrounded by a low surface brightness envelope;
these are also called cD galaxies. These only appear in clusters and groups (Seigar
et al., 2006). The red galaxies in the cluster are old and passively evolving, and form a
tight sequence in colour-magnitude diagrams (De Lucia et al., 2004). They can be used
to locate clusters (e.g. the Red-Sequence Cluster Survey, Gladders and Yee, 2000).

Spectroscopy forms an important part of the optical observations of galaxies in
clusters, as it allows the redshifts of the clusters to be measured to high precision
(∆z ∼ 0.01). Large-scale surveys aimed at obtaining redshifts for large numbers of
galaxies are currently in progress, for example the Sloan Digital Sky Survey (SDSS;
York et al., 2000).

Galaxy clusters are complicated, diffuse objects in the optical regime (see Figure 1).
It often proves tricky to differentiate between cluster galaxies and foreground galaxies
(hence the selection methods used by Abell, 1958). In general, spectroscopic observations
of the galaxies are needed to identify their redshifts, so that their line-of-sight difference
is known. N-body techniques such as friends-of-friends (see §5.1) can also be applied to
select galaxies in clusters (Clewley et al., 2006).
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2.2 X-rays

Figure 2: The Coma Cluster (Abell 1656) at 0.15nm (8.0–8.2keV X-rays). From Einstein
(Jones and Forman, 1999).

Due to the temperature of the gas in the ICM, thermal emission is given off as X-
rays mostly via thermal bremsstrahlung, but also through line radiation. The spectral
surface brightness at energy E along a particular line of sight l is given by (Birkinshaw,
1999)

b(θ, E) =
1

4π(1 + z)3

∫
ne(r)2Λ(E, Te)dl, (1)

where z is the redshift of the cluster, ne(r) is the electron number density and Λ(E, Te)
is the spectral emissivity at X-ray energy E of a gas at temperature Te; this function
is generally complicated. A related parameter is the cooling function, which gives the
total energy emitted from a gas at temperature Te.

The intensity of X-rays emitted depends on the square of the electron density, hence
X-ray observations only see the cores of the galaxy clusters, rather than the outskirts
of the cluster (see Figure 2). The gas in this part of the cluster can be subject to
complicating effects including heating and cooling (see e.g. Motl et al., 2005), and the
X-ray emission will also be more sensitive to clumps in the gas.
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2.3 The Sunyaev-Zel’dovich effect

Figure 3: Detection of the SZ effect in CL 0016+16 at 1cm (contours) by the OVRO
Millimeter Array superimposed on the X-ray emission from the cluster (grey-scale) by
ROSAT (Carlstrom et al., 1996a,b).

The Sunyaev-Zel’dovich effect is due to the inverse Compton scattering of photons
from the Cosmic Microwave Background (CMB) when they pass through the hot electron
gas in the ICM. It was predicted by Sunyaev and Zeldovich (1970, 1972), based on earlier
work by Weymann (1966) and Zeldovich and Sunyaev (1969). It can be parameterized
by the Compton y(θ) parameter, which represents the integrated pressure along the line
of sight l, by (Birkinshaw, 1999)

y(θ) =
σTkB

mec2

∫
neTe dl, (2)

where σT is the Thomson scattering cross-section, kB is Boltzmann’s constant, me is the
electron mass, c is the speed of light, ne is again the number density of electrons and
Te is the temperature of the electrons. Note that this equation does not include z – the
effect is redshift independent. Relativistic corrections to this equation can be found in
e.g. Itoh et al. (1998).

This is related to a detectable flux S at frequency ν by

Sν =
2ν2kBTCMB

c2
f(x)

∫
y(θ)dΩ, (3)

where f(x) = x3ex/
(
(tanh(x/2)− 4)(ex − 1)2

)
in which x = hν/kBTCMB represents the

frequency dependence of the effect, and the integral is over the observed section of sky.
TCMB is the temperature of the CMB.
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The SZ effect has a major advantage with locating clusters in that the magnitude
of the effect does not depend on redshift, and as such it should be possible to observe
clusters of galaxies out to high redshifts relatively easily. Additionally, the SZ effect
only depends on ne, not n2

e as in X-ray, so the outer part of the cluster atmosphere can
also be observed (see Figure 3), and less complications will arise from substructure and
cooling/heating effects within the cluster (Motl et al., 2005).

Here, we concentrate on the thermal SZ effect. A kinetic SZ effect also exists; see
section 5 of the review by Birkinshaw (1999). Depending on the velocity of the cluster
relative to the CMB, this may be important.

3 Cosmological probes

As clusters are the largest gravitationally bound structures that we can observe, they
provide a good probe of cosmology. The most basic cosmological result that can be
obtained from the SZ effect is to confirm that the CMB is indeed primordial – if it
interacts with a galaxy cluster at known redshift, then the CMB must have a higher
redshift than the cluster (Birkinshaw, 1999).

3.1 Distances and the Hubble parameter

As the SZ effect depends only on ne while the X-ray emission depends on n2
e , by sub-

stituting for ne in one of the equations the angular diameter distance dA to the cluster
can be directly measured (see e.g. Reese et al., 2002). An absolute measurement of the
distance to the cluster can then be made using a model of the cluster. This distance
measure is independent of all other techniques.

When compared with the redshifts of the clusters, which are normally obtained by
spectroscopic measurements, a value for the Hubble constant can be calculated. For an
example of such a calculation, see Birkinshaw et al. (1991).

3.2 Number counts

The dependence of the number of clusters with z is given by (Battye and Weller, 2003)

dN

dz
= ∆Ω

dV

dzdΩ
(z)

∫ ∞

Mlim(z)

dN

dM
(M, z)dM, (4)

where ∆Ω is the angular size of the sky being looked at, dn
dM (M, z) is the comoving

number density of clusters with mass M and redshift z, and Mlim(z) is the minimum
mass that is being considered (this is usually the minimum detectable mass size).

dV

dzdΩ
=

r(z)2

H
=

(∫ z
0 H−1(z′)dz′

)2

H
(5)

is the comoving volume in a flat universe, in which r(z) is the coordinate distance and
H is the Hubble parameter. An additional parameter, the cluster selection function, can
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be added in the integral to represent additional factors such as the scatter of the Mass-
Temperature relationship (see Battye and Weller, 2003; Majumdar and Mohr, 2003).

The standard Press-Schechter mass function is (Press and Schechter, 1974; Battye
and Weller, 2003)

dn

dM
(z,M) = −

√
2
π

ρm(t0)
M

δc

D(z)σ2
M

dσM

dM
exp

(
− δ2

c

2D(z)2σ2
M

)
, (6)

in which δc = 1.686, ρm(t0) is the present value of the matter density and σM is the
current over-density with mass M ; this is given by the density power spectrum. D(z) is
the growth factor, which is normalized by D(0) = 1; the dependence on z can be found
from solving the perturbation equation for matter fluctuations (Battye and Weller, 2003).
Expressions for this relationship can also be found from N-body simulations (see section
5.1 and e.g. Evrard et al., 2002).

From number counts, constraints on several cosmological parameters can be found,
including ΩM and the equation of state for dark energy.

3.3 Confusion

Confusion can arise between the SZ effect from clusters of galaxies and intrinsic CMB
fluctuations; each is a noise source to the other. This presents problems with detecting
clusters by the SZ effect; the signal can either be hidden or amplified by the background
CMB fluctuations (Lancaster et al., 2004).

Additionally, the SZ effect is expected to dominate over the intrinsic fluctuations in
the integrated CMB power spectrum at l ∼ 2500; the exact scale and shape of the effect
depends on the cosmological parameters (see Komatsu and Seljak, 2002). Observations
at these angular scales are just starting to become feasible, and it is possible that in
recent years the effect has been detected (see Bond et al., 2005; Kuo et al., 2006).

Foreground radio sources, such as Active Galactic Nuclei, can also cause problems
with detections of the SZ effect (Lancaster et al., 2004). Observations at multiple fre-
quencies can remove some of these problems, due to the different frequency dependencies
of the effects.

4 Analytical models

The two most important parts of a cluster model are the density profile and the mass-
temperature relation. The former allows one to calculate ne, or equivalently the optical
depth τ , while the latter provides T , the temperature of the gas, for arbitrary cluster
mass. These then allow the calculation of the size and shape of the SZ effect and X-ray
emission.

A series of components are common to most models of the ICM; these are discussed
first, before moving on to specific models.
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4.1 Model ingredients

Gravitational collapse

The virial radius rvir of the cluster can be calculated by using a spherical infall model
(see e.g. Peebles, 1980). This gives

rvir =
(

3Mvir

4π∆cρcrit

)1/3

, (7)

where Mvir is the virial mass of the cluster. ρcrit is the critical density for the universe
to have a closed topology; it is given by

ρcrit =
3H2

8πG
, (8)

in which H is the Hubble parameter and G is the gravitational constant. ∆c is the
overdensity of the cluster, defined as

∆c =
ρcluster

ρcrit
. (9)

The value for ∆c depends on the cosmology of the universe; in an Einstein-de Sitter
universe, this is exactly 18π2 ≈ 178 (Komatsu and Seljak, 2001). More generally, it can
be given to within 5% (between 0.15 < Ω < 1) by (Eke et al., 1998; see also Lacey and
Cole, 1993)

∆c ≈ 178
{

Ω0.30
m if ΩΛ = 0

Ω0.45
m if Ωm + ΩΛ = 1

. (10)

Dark matter density profile

The spherical profiles that are used to describe the distribution of matter within clusters
are generally of the form (Suto et al., 1998):

ξ (x) =
1

xα (1 + xδ)γ , (11)

where x = r/rs and α, δ and γ are dimensionless parameters. This profile provides a
central core, and inner and outer power-law slopes. rs is a critical radius that describes
the turn-over point between the core and the power-law slope, commonly called the core
radius. It is defined as rs = rvir/c, where c is a concentration parameter. Values for c
vary; see Eke et al. (2001) for a compilation. The profile can be truncated at the virial
radius rvir, which prevents potential divergence in the gas mass (e.g. Birkinshaw, 1999;
Battye and Weller, 2003).

Setting α = 1, δ = 1, γ = 2 gives the NFW profile (Navarro et al., 1997; see also
§2 of Ostriker et al., 2005). This was found by fitting profiles to dark matter halos (see
§5.1), and is now the profile of choice for modeling dark matter halos.
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An ellipsoid version of of the profile function would be:

ξ(r) =
1(

rT.M.r
r2
s

)α/2
(

1 +
(

rT.M.r
r2
s

)δ/2
)γ , (12)

where the matrix M contains the details of the semi-major axes (Birkinshaw, 1999,
generalized to a more abstract form).

The profile can be related to the density profile by

ρ(r)
ρcrit

= ∆cξ(r). (13)

Gas density profile

Setting α = 0, δ = 2, γ = 3β
2 into (11) gives the well-known β profile

ξ (x) =
1

(1 + x2)
3β
2

, (14)

which was originally found by fitting to X-ray observations (Cavaliere and Fusco-Femiano,
1976). It has since been found to be related to hydrostatic equilibrium (see §4.4). It
generally gives a good fit to the gas profile in the inner part of clusters.

This can be related to the number density of electrons by

ne(r) = ne0ξ(r), (15)

where ne0 represents the electron density at the core of the cluster.

HydroStatic Equilibrium

The equation of HydroStatic Equilibrium (HSE) describes the balance between the out-
ward pressure of a gas and the gravitational force pulling it inward. It has myriad
applications, ranging from the earth’s atmosphere, to stellar dynamics, to the gas in
clusters of galaxies. Mathematically, it is (Komatsu and Seljak, 2001)

1
ρgas

dPgas

dr
= −G

M(r)
r2

, (16)

where ρgas is the gas density, Pgas is the gas pressure and M(r) is the mass within radius
r from the centre of the cluster.

Virial Theorem

The Virial Theorem states that half of the energy from the gravitational infall of a
particle is converted to heat, i.e.

1
2
EP = EK, (17)

where EP is the energy released from gravitational infall of the particle and EK is its’
resultant kinetic energy. From this, a virial radius rvir can be derived, which will depend
on the virial mass in the cluster, Mvir, by Equation (7).
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Entropy

Voit et al. (2003) state that both the density profile and the temperature of the gas
are representations of a more fundamental quantity, the entropy of the gas. The formal
definition of the gas entropy is

s ≡ lnK3/2 + s0, (18)

where s0 is a constant, the value of which relies on the mixture of particle masses and

K ≡ P

ρ5/3
=

kBT

µmpρ2/3
, (19)

where µ is the mean molecular weight and mp is the proton mass. Note that K is
frequently named as the entropy of the gas within the literature.

Mass-Temperature Relationship

The simplest model of a cluster would consist of purely gravitational effects, where the
gas in the cluster gravitationally collapses with a release of energy into heat by the Virial
theorem. Assuming that the cluster is isothermal, this is given by (Birkinshaw, 1999)

kBTe ≈
GMmp

2rvir
≈ 7

(
M

3× 1014M�

) (
rvir

Mpc

)−1

keV. (20)

Modifications of this basic equation are covered in the discussions of individual models
below.

4.2 A simple model

Battye and Weller (2003) assume a spherical β profile, and introduce an “electron density
weighted average temperature” by 〈Te〉n =

∫
neTedl/

∫
nedl. By assuming that clusters

are in thermal equilibrium, are virialized (hence the Virial Theorem can be applied) and
that virialization only involves gravitational heating, the following equation is deduced
for a universe containing dark energy:

〈Te〉n = T∗
(
∆cE(z)2

)1/3
(

1 + (1 + 3w)
ΩQ(z)

∆c

)
(1 + z)ε−1

(
Mvir

1015h−1M�

)1/ξ

, (21)

where T∗ is a normalization factor, E(z) = H/H0, ΩQ is the ratio of dark energy to the
critical density of the universe, which is a function of z, and M� is the solar mass. The
dimensionless parameters ε = 1 and ξ = 3/2. The calculated value of T∗ is 0.5; however,
the authors point out that both observed and simulated clusters point to a T∗ between
1.0 and 2.2. They suggest that the value for ξ “could model non-gravitational heat
input”, and that ε “models deviations from complete virialization”. Suggested values
are 1.48 ≤ ξ ≤ 1.98, with no preference for the value of ε.
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4.3 Conservation of energy and a known dark matter profile

Ostriker et al. (2005) start with a known dark matter density profile, from which they
deduce the properties of the ICM. They calculate the initial energy of the cluster before
adding corrections due to star formation, work done to expand or contract the gas and
feedback. They then set the result equal to the final energy of the cluster to determine
the state of the gas at the time the currently-detectable radiation was emitted from it.

The initial energy of the gas is calculated by the Virial theorem with a non-negligible
surface pressure Ps:

EP,0 + 2EK,0 − 4πr3
virPs = 0. (22)

This yields an expression for the initial energy of the gas in terms of the mass, maximum
circular velocity, average pressure and critical radius of the gas.

They add allowances for the gas to collapse into stars, hence removing matter from
the ICM. They note that the gas that will collapse has a low entropy compared with
the rest, and that by removing it the energy per unit mass of the remaining gas will
be increased. Factors are also added to account for the expansion or contraction of the
gas, and feedback processes due to various effects (e.g. accretion disks of black holes,
supernovae, etc.).

They then assume that the gas changes its density profile into a polytropic distri-
bution by an unnamed mechanism, and use the equation of HydroStatic Equilibrium to
calculate the final energy.

This process results with three equations that can be solved simultaneously to com-
pletely specify the gas. The equations take input values for the virial radius, concentra-
tion parameter and maximum circular velocity from a known model of a dark matter
halo, as well as values for the adiabatic index, fraction of the mass in stars, feedback
efficiency and average pressure.

The above is initially done for an NFW profile; it is subsequently generalized to
specify the gas in arbitrary dark matter potentials.

4.4 Hydrostatic Equilibrium

Starting with the equation of HydroStatic Equilibrium, Makino et al. (1998) showed
that an almost-equivalent profile to the spherical beta profile could be derived. (For a
simpler derivation, see Lancaster et al., 2004.) They assume isothermality, such that the
ideal gas law can be used:

P =
ρgaskBT

µmp
. (23)

Assuming that the dark matter is distributed according to the NFW profile, they find
that the density profile is given by

ρgas(r) = ρgas,0e
−b

(
1 +

r

rs

)brs/r

, (24)
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where ρgas,0 is the central gas density. b is given by

b ≡ 4πGµmp∆c(M)ρc0r
2
s

kBT
=

3r

γrs

[
ln

(
1 +

r

rs

)
− r

r + rs

]−1

, (25)

in which ρc0 is the core density of the cluster and γ ∼ 1 is a fudge factor that is
determined by the efficiency of shock heating in the gas. The remaining parameters are
as previously defined.

In Suto et al. (1998), they went on to provide a recipe for creating the density profile
in the case of non-isothermality. They do this by assuming a polytropic equation of
state for the gas and establishing a second order differential equation for the gas density
profile. This equation can then be solved for a given dark matter profile, polytropic index
and two parameters that when combined give the amplitude of the halo density. They
then suggest that the solved profile is compared to the data and the process restarted
with improved input parameters to give a better fit.

Komatsu and Seljak (2001) point out that, while the spherical β profile generally
gives a good fit to gas profiles in clusters observed through X-rays (which observe the
inner parts of the clusters), it does not describe the outer parts of the clusters well,
where the slope of the profile changes. Instead, they suggest that the gas in the outer
part of the cluster follows the dark matter distribution.

They adapt the relationships given in Suto et al. (1998) for a non-isothermal gas,
and add the requirements that the gas density profile is self-similar, i.e. it obeys

ρgas(r) = ρgas(0)ξ(r/rs), (26)

and that outside the core the gas traces the dark matter distribution. They doe this by
having the gas density profile match the dark matter density profile over a region of a
factor of 2 above and below the virial radius. This creates a closed solution, with no free
parameters.

They use the NFW profile for the dark matter distribution and get the following
equation for the gas profile:

yγ−1
gas (x) = 1− 3η−1(x)

γ − 1
γ

(
c

m(c)

) ∫ x

0
du

m(u)
u2

, (27)

where the function m(x) is the mass within the dimensionless radius x, c is again the
concentration parameter and

η−1(x) ≡ GµmpMvir

3rvirkBTgas(x)
. (28)

They suggest that η(0) and the value of γ are determined by the requirement that the
gas traces the dark matter in the specified region, and that the choice does not depend
on the value of x that is selected. This can be achieved by numerically fitting the above
profile to the other density profiles.
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They do not give a Mass–Temperature relationship; rather, they give a Mass–X-ray
emission temperature relationship of

kBTX = ηX
GµmpMvir

3rvir
, (29)

where the emission-weighted ηX is given by

ηX =

∫
dV ρ2

gasΛ(Tgas)η(r)∫
dV ρ2

gasΛ(Tgas)
(30)

≈ η(0)

∫ xmax

0 x2dx[ygas(x)](3γ+1)/2∫ xmax

0 x2dx[ygas(x)](γ+3)/2
.

This can then be related to the actual temperature of the gas by a TX–T relation.

5 Numerical Simulations

While numerical models are slow to produce results compared to analytical solutions,
they are necessary to model the nonlinear evolution of galaxies. Their output can be
used as an input to analytical models (see e.g. Section 4.3) and analytical solutions can
be found by analyzing their output.

Various approaches to numerical simulations have been utilized for a wide variety
of astrophysical problems. There are two main types: N-body and hydrodynamical.
Different approaches within each of these types have been taken; here the most commonly
used methods are summarized, and examples of relevant simulations are given.

5.1 N-body simulations

N-body simulations use the gravitational force between particles to compute their evo-
lution. They date back to Holmberg (1941), who used an analogue computer system
consisting of a series of light-bulbs whose intensity were measured by photocells to sim-
ulate two colliding galaxies.

In general, they split the gravitational force into long and short range forces. The
short range component is then softened to compensate for the large mass of the particles
in the simulation compared to actual objects.

There are various types of N-body simulations, generally named after the types of
interactions involved. The main ones include:

• Particle-Particle (PP)

• Particle-Mesh (PM) (see e.g. Hockney and Eastwood, 1981)

• Particle-Particle/Particle-Mesh (P3M) (Efstathiou and Eastwood, 1981; Efstathiou
et al., 1985)

• Tree-Particle-Mesh (TPM) (Xu, 1995; Bode et al., 2000)
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N-body simulations are generally used within cosmology for looking at the distribu-
tions of clusters (e.g. Retzlaff et al., 1998; Evrard et al., 2002) and their evolution over
time. As a result, they can provide expected mass functions and number counts, e.g.
Jenkins et al. (2001). Additionally, they can be used to investigations the distribution
of dark matter within haloes.

There are a variety of methods for locating clusters within N-body simulations. In
the Friends-of-Friends (FOF) method, particle pairs that have a separation of less than
a specified fraction of the mean particle separation are linked. Clusters are then found
by searching for groups of these linked particles (Davis et al., 1985). This has the
advantage that a fixed shape is not assumed, although it can accidentally link separate
clusters together by a “chance bridge of particles” (Jenkins et al., 2001).

An alternative is the Spherical Overdensity (SO) method, which involves calculating
a local density for each particle based upon its’ distance from other particles. Particles
with the highest local density are used as the seeds of clusters; a sphere around this
particle is then considered, where the edge of the sphere is defined by the position where
the local density of the nearest particle to the seed particle falls below a specified value.
The centre of mass of the sphere is then calculated; this is then used as the origin of
a new sphere, and the process is repeated until the result converges (Lacey and Cole,
1994).

N-body simulations have the major disadvantage that they consume a large amount
of CPU hours; the gigaparticle (109) simulation run by Evrard et al. (2002) took around
7 months to run on a 512-CPU computer.

For a recent review of the use of N-body simulations in cosmology, see Bagla (2005).

5.2 N-body and hydrodynamical simulations

Hydrodynamical simulations are useful for modeling the intracluster medium. They
consist of solving the hydrodynamical equations with various physical effects, such as
radiative cooling, adiabatic compression and shock heating (see e.g. Muanwong et al.,
2002).

A frequently used type of hydrodynamical simulations is Smooth Particle Hydro-
dynamics (SPH), which dates back to 1977 (Gingold and Monaghan, 1977; Lucy, 1977).
It was originally used to model close binary and non-spherical stars. It works by follow-
ing the evolution of a finite set of particles, and then smoothing out their properties to
form an overall view of the system. The particles can be viewed as a mesh, although it is
a very flexible one, or as interpolation points. For a recent review of SPH, see Monaghan
(2005).

Early simulations were done by Gull and Northover (1975) and Lea (1976), among
others, who performed a one-dimensional hydrodynamical simulation of gas falling into
the potential of a cluster. Modern simulations of clusters of galaxies generally consist of
two parts - an N-body simulation of the collisionless dark matter, and a hydrodynamic
simulation of the intracluster gas. An early example of this is that of Evrard (1988),
who combined P3M N-body simulations with SPH.
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An important combined N-body/SPH simulation was that done by Navarro et al.
(1995, 1996, 1997), which resulted in the discovery of the well-known NFW profile.

6 Conclusions

In section 2 of this review, we looked at the different types of observations that could be
made of galaxy clusters and the ICM, while section 3 discussed the cosmological uses of
clusters of galaxies. Of the different observational effects, the Sunyaev-Zel’dovich effect
presents the most promising method for selecting galaxy clusters for number counts,
which can then be used to constrain cosmological parameters. Combined with X-ray
measurements, the SZ effect can also be used to determine the distances to clusters.
Optical observations are also of use, mainly in terms of spectroscopic redshift measure-
ments.

Section 4 discussed the components of models of the intracluster medium, and ex-
amined three models; those by Battye and Weller (2003), Ostriker et al. (2005) and
the combined model of Makino et al. (1998), Suto et al. (1998) and Komatsu and Seljak
(2001). These analytical models are important as they determine the density distribution
and the mass to temperature relationship in a quick and efficient way, these components
in turn determine the magnitudes of the X-ray emission and SZ effect.

Section 5 discussed numerical simulations of both the large-scale structure and the
intracluster medium. The former of these are useful as they present artificial skies, which
can be used to determine the efficiency that observations will detect clusters (see e.g.
Battye and Weller, 2003). The latter provide a means of testing the effect of the various
heating and cooling mechanisms within the gas; they also allow the testing of analytical
models in a completely specified, 3D situation.

In the near future, large-scale surveys for clusters of galaxies will be carried out, for
example the Planck cluster survey, among many others (see e.g. Bartlett, 2006, for a list
of upcoming surveys). In the meantime, further work needs to be done to simulate the
clusters and the distribution of them in the sky. Additionally, investigation into how well
clusters of galaxies can be detected by the different upcoming experiments, and what
the expected accuracy on the cosmological parameters will be, also needs to take place.
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