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Abstract. Galaxy clusters are formed via nonlinear growth of
primordial density fluctuations and are the most massive grav-
itationally bound objects in the present Universe. Their number
density at different epochs and their properties depend strongly
on the properties of dark matter and dark energy, making
clusters a powerful tool for observational cosmology. Observa-
tions of the hot gas filling the gravitational potential well of a
cluster allows studying gasdynamic and plasma effects and the
effect of supermassive black holes on the heating and cooling of
gas on cluster scales. The work of Yakov Borisovich Zeldovich
has had a profound impact on virtually all cosmological and
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astrophysical studies of galaxy clusters, introducing concepts
such as the Harrison—Zeldovich spectrum, the Zeldovich ap-
proximation, baryon acoustic peaks, and the Sunyaev—Zeldo-
vich effect. Here, we review the most basic properties of clusters
and their role in modern astrophysics and cosmology.

1. Introduction

Galaxy clusters hold a special place in modern astrophysics
and cosmology. Like all objects in the Universe, clusters were
formed from tiny fluctuations generated during the Uni-
verse’s inflationary expansion. We observe these perturba-
tions as temperature fluctuations of the cosmic microwave
background (CMB), which occurred when the age of the
Universe was about 400,000 years. Linear perturbations on
all scales grow at the same rate, and the formation time of a
nonlinear object is fully determined by the initial perturbation
amplitude. For a perturbation spectrum close to the Harri-
son—Zeldovich spectrum, the amplitude decreases with
increasing the size (mass) of the object, and more massive
objects are formed at later times. In our Universe, galaxy
clusters are the most massive objects (with a mass of about
10'3 M) that have managed to form to date. In a universe
with a cosmological constant (dark energy), accelerated
expansion slows down the perturbation growth rate, and
clusters remain the most massive objects. This is why clusters
are distinct among all other objects and can be used as a tool
for measuring dark energy and neutrino properties.

Due to the huge mass of clusters, gravity dominates over
all other processes, and clusters can be considered a
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representative piece of the Universe, in which the mass ratio
of dark matter to baryonic matter is universal. Additionally,
the huge mass of clusters causes gravitational lensing of more
distant objects, which allows searching for objects enhanced
by the gravitational lens effect at record high redshifts.

The gravitational well of a cluster is so deep that infalling
gas is heated to temperatures of the order of 10 to 100 million
Kelvin, which makes the clusters powerful sources of X-ray
emission. At the same time, scattering of CMB photons on
hot electrons leads to CMB spectral distortions (the Sunyaev—
Zeldovich effect) and allows detecting clusters at any redshift.
X-ray studies coupled with microwave observations render
clusters a powerful tool of observational cosmology.

Galaxy clusters are dynamical objects that continue
growing at the present time by swallowing less massive
clusters. The comparison of gas and gravitating mass
distributions sets nontrivial limits on the dark matter particle
interaction cross sections. Cluster merging results in shocks
and turbulent motion of gas. Radio and X-ray observations
are used to study gasdynamic and plasma effects in a hot gas,
including cosmic ray acceleration.

The time of radiative cooling of a hot gas in galaxy cluster
centers is much less than the age of the Universe. Without an
external energy source, the gas should cool, fragment, and
form stars. But this is not so. The mechanical energy
produced by the central supermassive black hole regulates
the heat balance in the gas and prevents it from uncontrolled
cooling. Generally, the interaction of the mechanical energy
from the black hole with the gas is similar to processes
occurring during powerful explosions in Earth’s atmo-
sphere. In a similar way, the supermassive black holes can
affect the formation and evolution of galaxies at redshifts
z ~ 2—3. Observations of nearby clusters allow detailed
studies of this process.

Papers by Yakov Borisovich Zeldovich have had a
profound impact on virtually all cosmological and astro-
physical aspects of galaxy clusters. The Harrison—Zeldovich
spectrum, the Zeldovich approximation, baryon acoustic
oscillations, the Sunyaev—Zeldovich effect —all these topics
are part of modern university courses and are currently
actively used in theoretical, numerical, and observational
astrophysics. The monograph by Zeldovich and Raizer,
Physics of Shocks Waves and High-Temperature Hydro-
dynamic Phenomena, which gives a lucid description of
the physics of hot gas, shock waves, and atmospheric
explosions that determine observational appearances of the
clusters, remains a handbook for astrophysicists. Currently,
several dozen ground-based and space observatories are
exploring galaxy clusters and effects predicted by Zeldovich.
Under development are even more ambitious future projects,
including Spectrum-Roentgen-Gamma (SRG), which should
discover all massive clusters in the observed Universe.

In this review, we discuss the most general properties of
clusters and their role in modern astrophysics and cosmology.

2. Modeling the formation
of the large-scale structure and galaxy clusters

2.1 Large-scale structure of the Universe

and the Harrison—Zeldovich spectrum

of primordial perturbations

Although cosmological models usually assume a homoge-
neous and isotropic universe on large scales, significant
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Figure 1. Large-scale structure in the distribution of galaxies in the CfA2
(Center for Astrophysics Redshift Survey) and SDSS (Sloan Digital Sky
Survey) sky surveys [2]. The CfA2 volume (bottom cone) with a size of
~ 200 Mpc shows filaments and voids around the Coma cluster (dense
region in the center), including an almost horizontal filament called the
‘Great Wall’. This galaxy distribution compellingly revealed the large-
scale structure morphology, later named the ‘Cosmic Web’, and played an
important role in developing structure formation models. The SDSS
volume (upper segment) demonstrates the elongated filamentary struc-
ture, called the ‘SDSS Great Wall’ by analogy, which is three times as long
as the CfA2 Great Wall.

inhomogeneities in galaxy distribution are observed on
scales < 100 Mpc. The observed large-scale structure con-
sists of groups and clusters of galaxies with a size of ~ 1 Mpc,
connected by filaments and ‘walls’ with sizes up to ~ 100 Mpc.
The filaments and walls are embedded in regions of a low
galaxy density, called voids [1]. Figure 1 shows the observed
large-scale structure [2].!

Models of the structure formation rely on several
fundamental theoretical pillars. For example, primordial
density perturbations, from which the observed structure
originated, are assumed to be Gaussian (this assumption
was recently confirmed with high accuracy by the results
from the Planck satellite [3]). The statistical properties of the
Gaussian density fluctuations are fully described by the
power spectrum, which is equal to the ensemble-averaged
square of the Fourier amplitudes of waves with a wave vector
k. The power spectrum P(k), determined for the Fourier
harmonics inside a sufficiently large spatial volume ¥, in the
isotropic Universe depends only on the absolute value of the
wave vector k:

P) = (i) (1

The power spectrum, which has the dimension of volume, is
frequently multiplied by k3, which yields a dimensionless
amplitude characterizing the typical density perturbation
amplitude squared on a scale ~ 1/k:

k3

A(k) = 55 P(6). ©)

According to the modern paradigm of large-scale struc-
ture formation, these perturbations originated from quantum

! http://www.astrp.princeton.edu/universe/.
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fluctuations on microscopic scales and grew to the cosmolo-
gical scale during the primordial inflationary stage of the
Universe’s expansion (see, e.g., [4, 5]). Thus, inflationary
models provide an elegant explanation of the origin of
primordial perturbations: structures observed in the Uni-
verse on scales up to ~ 100 Mpc arose from quantum
fluctuations of the inflationary field (or fields). These models
also offer a natural explanation for both the Gaussian form of
the perturbations and their assumed primordial spectrum.

Inflationary models [6—10] and predictions of the pertur-
bation power spectrum [11-14] based on them appeared only
in the early 1980s. But the general form of the primordial
perturbation spectrum, P(k) o k, was advocated by Zeldo-
vich in 1972, long before the first inflationary perturbation
spectrum calculations [15].2 Such a spectrum is said to be scale
invariant, because it corresponds to the potential and metric
fluctuation spectrum in which the typical fluctuation ampli-
tude is independent of scale: 4 (k) oc k~*4°(k) ock ~*k* =
const.

In paper [15] written in 1972, which rapidly became
classical,® Zeldovich used simple physical arguments: he
supposed that the Universe was originally in a cold state and
was heated by the dissipation of small-scale metric perturba-
tions through acoustic waves during the Universe’s expan-
sion, and these perturbations were found inside the cosmolo-
gical horizon.

Thus, in Zeldovich’s hypothesis, small-scale perturba-
tions were postulated to be the source of the heating that is
needed to explain the primordial nucleosynthesis and CMB.
At the same time, on large scales, fluctuations must be large
enough to explain the formation of observed galaxy clusters
with masses from ~ 10'® to ~ 10" M. Zeldovich showed
that the scale-invariant spectrum with a metric perturbation
amplitude of the order of 1074, which did not contradict the
CMB temperature perturbations at that time, can elegantly
explain both cluster formation and sufficient heating of the
early Universe.

Although the details of Zeldovich’s arguments have not
been confirmed by the later development of the standard
cosmological model, many of his ideas anticipated cosmolo-
gical model milestones. For example, the idea that the
Universe began from a cold state and the subsequent
reheating resulted in the creation of a huge number of
particles and the baryon asymmetry is confirmed by infla-
tionary models, in which the Universe becomes very cold
during many cycles of exponential growth and requires
reheating, in which high-temperature particles are created.
The inflationary models also enabled the calculation of the
expected metric perturbations spectrum, which turned out to
be very close to a scale-invariant form [11-14] (see also the
detailed review [5]). The metric perturbation amplitude,
which is needed for the timely formation of the large-scale
structure, according to Zeldovich’s estimate turned out to be
several orders of magnitude smaller than in the first
inflationary models [13, 20], which stimulated the develop-
ment of new, improved models.

2 Arguments were also partially presented in the earlier paper [16]. The
scale-invariant spectrum was also suggested in [17, 18] using totally
different statistical arguments.

3 The status of Zeldovich’s work, as well as its impact, can already be
clearly seen from the fact the scale-invariant spectrum has been called the
Harrison—Zeldovich spectrum for many decades; this term is often used
without referencing the original paper (see, e.g., [19]).

During the last decade, observations of the CMB
temperature fluctuations have shown that the primordial
metric perturbation spectrum is indeed very close to the
scale-invariant form. For example, recent papers devoted to
the analysis of the Planck experiment data have demon-
strated that the primordial perturbation spectrum has a
power-law shape, P(k) o k™, with ng=0.9603+0.0073 [21].

At the same time, the theoretical development of models
of perturbation evolution in the baryon—photon plasma in the
early Universe resulted in the creation of high-precision
numerical methods (see, e.g., [22, 23]). These methods allow
calculating the modification of the primordial scale-invariant
spectrum due to different plasma processes (for example,
suppression of perturbation growth during the radiation-
dominated epoch and acoustic plasma oscillations decay).
These precise model predictions and effects related to plasma
processes are consistent, with ever growing accuracy, with a
number of recent CMB observations [24, 25].

Measurements suggest that the ultimate perturbation
spectrum P(k) has the index changing from ns & 1 on large
scales (small values of k) to ng ~ —2 on scales of the order of
100 Mpc and ng ~ —2.5 on a scale of about 1 Mpc. Ask — oo,
the value of ng tends to —3. The characteristic perturbation
amplitude behaves as A2(k) o k*P(k), and therefore
increases with decreasing the spatial scale of perturbations
to scales of the order of the Solar System size and less [26].
This increase leads to a hierarchical structure formation: first,
structures appear on the smallest scales, and structures of
larger scales arise later due to the merging of already formed
structures.

2.2 Numerical simulations of structure formation
Structure formation at nonlinear stages is modeled by
numerical calculations in which exact predictions of a linear
perturbation spectrum are used to set the initial matter
distribution. In numerical models, the initial conditions are
set at already fairly late epochs (redshifts 50 < z < 200). The
evolution of perturbations before the initial time is calculated
using a method proposed by Zeldovich in 1970 [27, 28]. The
method is based on the well-known Lagrangian approach to
the evolution of matter, which is widely used in hydrody-
namics [29]. This approach turns out to be very successful for
tracing the evolution of primordial cosmological density
perturbations because typical inhomogeneities are quite
‘oblate’ [30]. The method of calculations proposed by
Zeldovich, also known as the Zeldovich approximation,
proved to be surprisingly exact for typical oblate perturba-
tions (see, e.g., [31, 32]). In the limit case of the collapse of a
one-dimensional plane wave, the Zeldovich method gives the
exact solution, at least until the particle orbits intersect and
caustics are formed.

Due to its accuracy and relative simplicity, the Zeldovich
method was successfully applied for modeling structure
formation in the 1970s, when direct numerical simulations
of the structure were not yet possible [33-35]. For example,
Figure 2 presents the result of two-dimensional calculations
of the evolution of adiabatic perturbations with a power-law
spectrum using the Zeldovich approximation [35]. These
calculations demonstrated that the large-scale structure with
characteristic filaments and voids, shown in Fig. 1, arises in a
natural way from adiabatic Gaussian density perturbations
(see also [36-38]).

During the following decades, the Zeldovich method
served as the base for a number of analytic models of
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Figure 2. The result of two-dimensional calculations of the evolution of
adiabatic perturbations with a power-law spectrum using the Zeldovich
approximation [35], which shows that the large-scale structure with the
characteristic filaments and voids (see Fig. 1) is naturally formed from the
adiabatic Gaussian density perturbations.

structure formation [39—42] and numerical calculations of the
nonlinear stage of the collapse of perturbations. In numerical
simulations, this method became standard for setting initial
conditions [33, 43-45], because it can be used for rather
precise predictions of the evolution of the primordial
perturbations until quite late times (z ~ 50—100), which
allows skipping uninteresting numerical modeling of the
early evolution in the quasilinear regime. Although the
method of setting the initial conditions has recently been
improved [46], it relies on the same Lagrangian approach used
by Zeldovich, and the increase in accuracy has been achieved
simply by accounting for second-order terms in the perturba-
tion theory (in Zeldovich’s original paper, only linear
expansion terms were used).

At the same time, the fact that the Zeldovich approxima-
tion gives an exact solution in the one-dimensional collapse of
a three-dimensional plane wave is widely used to test methods
involved in simulations of the Universe’s formation [43-50].

In numerical simulations, the equations of motion of
matter are solved in the expanding coordinate frame,
determined by the overall expansion of the Universe depend-
ing on cosmological parameters (in the standard model, the
Hubble constant, the mean density of matter, and the dark
energy density). However, the usual expansion is ‘hidden’
behind the specially chosen ‘comoving’ variables [33, 51, 52],
such as the comoving coordinate x that is related to the
physical coordinate r and the scale factor a(z) as x =r/a(r).
The methods that are used in numerical simulations of
structure formation include fast numerical algorithms for
calculating gravity forces [53, 54] and, if the normal baryon—
fermion material is modeled in addition to the collisionless
dark matter, methods of numerical hydrodynamics [55].

Figure 3 shows the dark matter distribution in one of the
modern numerical simulations of structure formation in the
ACDM model (the model with the cosmological constant and
cold dark matter). At early stages, numerous relatively small
halos are formed, whose clustering is much stronger than the
dark matter clustering [56, 57]. For example, in the left
bottom corner in Fig. 3a,b, a high concentration of matter
and halos in the form of a proto-cluster is visible. In Fig. 3d
(z=0), a cluster formed in this region can be seen. At late
evolutionary stages (Fig. 3c, d), filaments and voids 100 Mpc
in size are seen. At redshifts between z =1 and z = 0, the
large-scale structure does not change significantly, because at
z < 1, the low matter density in this model and the
cosmological constant lead to a high expansion rate, which
stops the collapse of filaments. In the comoving reference
frame used in Fig. 3, the large-scale structure is ‘frozen’
during such a rapid expansion. However, the evolution does
not stop inside the forming massive cluster. Massive clusters
continue rapid evolution at z < 1, which allows using them as
one of the cosmological probes.

2.3 Galaxy clusters in the cosmic web

of hot intergalactic gas

During collapse, baryonic gas follows the dark matter that
dominates on large scales. Strong shocks and adiabatic
compression raise the gas temperature to ~ 10°—107 K in
large-structure filaments and in the largest halos with masses
of ~ 104 —10' M, corresponding to the observed cluster
masses [58]. Already in the 1970s, the models relying on the
Zeldovich approximation showed that at late stages of the
structure formation, most of the diffusive baryonic gas must
be in the hot phase of filaments and galaxy clusters [35, 58],
which was later confirmed by numerical calculations of
hydrodynamics and thermodynamics of the collapsing gas

Figure 3. Spatial distribution of dark matter in numerical simulations of structure formation in the CDM model with the cosmological constant in a cubic
comoving volume with a size of 85 Mpc [56] in four epochs: (a) z =8, (b) z =4, (c) z=1,and (d) z = 0.
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Figure 4. (Color online) Spatial distribution of diffusive baryonic gas in hydrodynamic simulations of the structure formation in the CDM model with the
cosmological constant [60]. The simulated cubic volume has a size of 100 Mpc, close to the volume shown in Fig. 3. (a) The space rendering of the total
volume gas distribution. The color corresponds to the gas density contrast relative to the mean baryonic density in the Universe; the density contrast ~ 10,
~ 100, and 1000 is respectively shown in green, yellow, and red. (b) Only baryons with a temperature 10° < 7 < 107 K. (c) Only baryons with a
temperature > 107 K. It can be clearly seen that gas in filaments has an intermediate temperature 7' ~ 10° K, and the hottest plasma is concentrated in

quasi-spherical condensations corresponding to galaxy clusters.

[59—-61]. This hot phase was recently discovered in observa-
tions [62] from cross-correlating the projected mass distribu-
tion, measured by the weak gravitational lensing method and
from the Sunyaev—Zeldovich (SZ) effect [63, 64] measured by
the Planck space observatory.

In addition to the large-scale structure, many dense
collapsed halos can be seen in Fig. 3. The halos correspond
to minima of the potential, around which normal matter
should be accumulated to form galaxies in the course of the
cooling of gas heated by the shocks [65]. Galaxy formation is
accompanied by a number of complex processes, in which the
cooling and condensation of the baryonic gas can lead to
compression of dark matter in the halo centers (Fig. 4) [66—68]
and change of the halo shape to a more spherical one [69]. The
energy released by young massive stars as electromagnetic
radiation and kinetic energy of stellar winds, as well as shocks
and cosmic rays due to supernova explosions, can subse-
quently lead to ejection of most of the condensed baryonic gas
from the halo and to a decrease in the central dark matter
density.

Numerical modeling of these complicated phenomena is
very topical because it is already clear that understanding
these processes is crucial for progress in explaining the general
picture of galaxy formation. Here, simulations of galaxy
clusters play a special role for two reasons (see, e.g., a
detailed review in [70]). First, the clusters are unique
astrophysical laboratories in which all matter constituents
are observed. For example, the distribution of stars and cold
gas is studied by panchromatic observations from UV to IR
and radio bands. The mass distribution and thermodynamic
properties of the hot gas are investigated by X-ray observa-
tions (see, e.g., [71]) and via the SZ effect [63, 64, 72]. The
distribution of dark matter is probed by measuring galactic
velocities [73] and by gravitational lensing [74]. Second, the
clusters play an important role as cosmological ‘beacons’ of
structure formation (see, e.g., the recent detailed review [75]
and Section 3 below).

2.4 Modeling the galaxy cluster mass function

The time and rate of the collapse of any density peak is
determined by its initial amplitude, the gravitational attrac-
tion force at the corresponding scale, and the expansion rate
of the Universe that counteracts the gravitational attraction

and decelerates the collapse. The epoch of massive cluster
formation occurs at z < 2, and the spatial density of these
clusters at various redshifts, depending on the mass (mass
function), is very sensitive to the normalization of the
perturbation spectrum, to the Universe’s expansion rate,
which is dependent on the mean density of matter and dark
energy, and to the properties of the gravity law on the largest
scales [70].

These dependences are calibrated using numerical simula-
tions of structure formation. However, in addition to using
the calculations, a number of analytic models of the cluster
mass function have been elaborated, which are useful in both
interpreting the results of numerical simulations and under-
standing the origin of the cluster mass function dependence
on the properties of initial perturbations and cosmological
parameters.

The first statistical model of the mass function of
collapsed density peaks was developed in [76]. The model is
based on the assumption that the mass function is directly
related to the statistical properties of primordial density
perturbations, such as the power spectrum P(k). For
example, the probability F(M) that a given region with the
initial density contrast d,/(x) = p(x)/p — 1, where p is the
mean density of matter and the density field p(x) is smoothed
on the mass scale M (corresponding to the space scale
R~ [3M/(4n[))]1/3), collapses into an object with a mass
> M is expressed as

_lp(5)Ccon(5) do. (3)

#on) = |
Here, p(d) dd is the probability distribution 0,(x), usually
assumed to be Gaussian, and C is the probability that a
given point x in space with a contrast §,,(x) collapses. In this
case, the mass function of the collapsed objects with a mass in
the interval (M, M + dM) is equal to dF/dM divided by the
comoving volume of the initial density perturbation field,
occupied by regions of the mass M, i.e., M/p:

dn(M) _ p | dF
dM M |dM |’

(4)

In the Press—Schechter approach [76], the model of
collapse of a spherically symmetric perturbation with con-
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stant density was used [77], in which the perturbation
collapses when the linear density contrast reaches the critical
value* 5. ~ 1.69. Based on this result, Press and Schechter
postulated that any point with a density contrast
O (x)Do(z) = o, would collapse into a halo with a mass
> M before the redshift z, i.e., Ceon(6) = ©(5 — d¢), where O
is the Heaviside step function. Importantly, the contrast d(x)
in this context is the initial contrast, linearly extrapolated to the
epoch z using the linear perturbation growth function D (z)
normalized such that D,((0) = 1. It is easy to verify that for a
Gaussian initial perturbation field, this assumption yields
F(M) = (1/2)erfc[6./(v/20(M,z))] = F(v), where a(M, z) is
the dispersion of the contrast density field smoothed on the
scale M and linearly extrapolated to the redshift z, and
v =0./0(M,z) is the so-called peak collapse amplitude. The
quantity v characterizes the amplitude of collapsing density
peaks in units of the density field dispersion. The mass
function per unit logarithmic mass interval in this model is
expressed as

dn(M) p ‘ dF E' dlnv OF

dinM ~ M |dinM| M |dInMdlnv
p | dinv D
= | fi 20 = v, 5

Later research showed that the form of the function
Wps(v) predicted by the Press—Schechter model is not very
accurate: the difference between the numerically simulated
mass function and the actual cluster mass function reaches
50% for some masses [79-83]. In principle, we can expect
some inconsistencies simply due to differences between the
cluster mass definition in the model and numerical simula-
tions. In the model, the mass is determined by the filter used to
smooth the density field, whereas in numerical calculations,
the mass is determined either inside the density contour
corresponding to a certain density contrast or inside a
spherical region in which the density is equal to a certain
contrast relative to the mean density of matter or to the
critical density of the Universe, M = (4n/3)4p,R>, where
P, = p(z) or p, = pi(2), and typically 4 ~ 200—500 is used
(see [70, § 3.6] for a more detailed discussion of the cluster
mass definition). However, the difference in mass definition is
not the main source of errors.

In fact, it is quite easy to see that in the Press—Schechter
formalism, the form of the function y(v) directly depends on
the assumed collapse model of density peaks. As noted above,
the typical peaks in a Gaussian density field have an
ellipsoidal shape, and their collapse is therefore anisotropic
and cannot be accurately described by the spherical collapse
model. Models based on the same general approach but with
the function C, calculated using the anisotropic collapse of
perturbations were developed in the second half of the 1990s
[42, 82, 84, 85]. For example, the Sheth—-Mo—Tormen model
involves the statistics of the shape of density peaks in a
Gaussian field, with each peak approximated by an ellipsoid
using ellipsoid collapse models [86, 87]. The Lee—Shandarin
model [42], however, involves the Zeldovich approximation
to directly calculate the collapse of peaks, which is character-
ized by local eigenvalues of the deformation tensor. Figure 5
demonstrates that both these models predict the cluster mass
function in much better agreement with numerical simula-

4 This critical density contrast formally depends on cosmological para-
meters (see, e.g., [78]). However, this dependence is rather weak.

b !
-
1072 E
= C
= 1073 E
L Tinker et al. (2010)
104  — — = Lee, Shandarin (1998)
E o — Sheth et al. (2001)
[ eeeeesenenens Press, Schechter (1974)
10—5 1 1 T N | 1 1 1
10° v
0.5
N e / _/b
= 0 — e, o
Q ——————— — —_— et
-0.5 1 1 TR | 1 | 1
10° v

Figure 5. (a) Dependence y/(v) on the peak amplitude v, which determines
the mass of collapsed objects dn/dIn M = py(v)/M [see Eqn (5)] as a
function of the peak amplitude, as predicted in the Press—Schechter model
(dotted curve), in the Lee—Shandarin model [42] based on the Zeldovich
approximation (dashed line), and in the Sheth-Mo—Tormen model [86]
(dashed-dotted line), and as obtained in numerical simulations (the solid
line) [88]. (b) Deviations of the model result from numerical calculations.

tions than the Press—Schechter model does, especially for
masses corresponding to groups and clusters of galaxies
(v 2 1). The accurate calibration of the mass function for
the largest masses is still going on [89, 90], although currently
the accuracy is already limited by uncertainties of physical
processes in the baryonic matter related to galaxy formation
[91-93].

The Press—Schechter model, nevertheless, played a major
role in showing that the mass function of objects at different
redshifts can be a universal function of the density peak
amplitude, v(M,z) = d./6(M, z). In particular, the form of
Y(v) mainly depends on the physics of the density peak
collapse and not on the cosmological model parameters.
This gave impetus to both elaborating more sophisticated
models based on the Press—Schechter formalism?> and the
productive analysis of numerical simulations by revealing
that the calibration of /(v) in one cosmology can work well in
other cosmologies [83, 101, 102].

Figure 5 demonstrates that for masses corresponding to
v < 2, the function y(v) weakly changes with changing v,
which corresponds to the mass function dn/dM oc M ~* with
o~ —1.8—1.9 [see Eqn (5)]. But for v =2, y(v) rapidly
(exponentially) decreases with increasing v. Massive galaxy
clusters have exactly such peak amplitudes, and their mass
function depends exponentially on the mass and the cosmo-
logical parameters on which v depends. It is this exponential
sensitivity to cosmological parameters that makes the clusters
invaluable for cosmological studies. At the same time, the
exponential dependence on the mass M implies that when
comparing the observed cluster sets with theoretical predic-
tions, special attention should be given to measuring the
mass M.

3 In recent decades, a number of such models have been developed, which
can describe the numerical simulations more accurately due to introducing
new free parameters and additional assumptions (see, e.g., [94-100]).
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Figure 6. (Color online) (a) Relation between Yx = Mgy, Tx and the total mass Msy = M(r < Rsy). Circles display clusters in numerical simulations
[111], stars with errors show observed clusters for which the value of Yy is derived from X-ray Chandra observations and the total mass is inferred from
X-ray data by assuming a hydrostatic equilibrium [71]. The filled dots correspond to clusters with regular X-ray images without visible signatures of
recent merging and dynamical interactions. The dashed-dotted and dashed lines correspond to power laws with the exponent o = 3/5 that describes the
cluster properties in numerical simulations and observations; E(z) = H(z)/Hy [where H(z) is the Hubble constant at a redshift z], Mg, is the mass of the
cluster within a sphere whose mean density exceeds the critical density in the Universe, and M, sooc is the gas mass inside this sphere. (b) The relation
between Yx and the bolometric luminosity Ly of hot intergalactic cluster gas as measured by the XMM-Newton (X-ray Multi-Mirror Mission Newton)
observatory [112]. The luminosity measurements were performed for the region inside the radius Rsgg, with a contribution from the central cluster part,
with r < 0.15Rs excluded. The blue symbols show the clusters with bright X-ray cores (so-called cooling cores). The pink symbols mark the clusters with
less bright cores. Clusters without traces of dynamical interactions are shown by dots, and those with such signatures are shown by squares; oy, 7. is the rms

deviation of the luminosity logarithm (In L) from the mean power-law dependence.

2.5 Measuring the total masses of clusters

and their mass function

As we have seen, the cluster mass estimate is the key issue
for cosmological applications. Theoretically, the total
masses of individual clusters can be quite accurately
estimated by assuming hydrostatic equilibrium and derived
from X-ray observations (see, e.g., [71]) or from analyzing
gravitational lensing of background galaxies by the cluster
(see, e.g., [103, 104] and the recent pedagogical review [74]),
but in practice these measurements are often difficult when
done for large samples of objects due to their complexity or
limited application. For example, the hydrostatic equili-
brium estimate is inaccurate for clusters that recently
merged with another cluster [105-109]. Numerical cosmolo-
gical simulations also show that the masses estimated from
weak lensing for some clusters have a significant dispersion
relative to the mass used in theoretical calibrations of the
mass function [110].

In practice, therefore, an observed cluster property is
chosen such that, on the one hand, it can be reliably
measured from observational data, and on the other hand, it
correlates with the mass with a small dispersion. Such
properties can be deduced from numerical simulations of
galaxy clusters. These simulations usually cannot predict the
exact form of correlations, because their results are sensitive
to still uncertain physical processes involved in galaxy
formation, which strongly affect most observational proper-
ties of stars and the intergalactic gas in the clusters. Never-
theless, the simulations can rather confidently predict the
dispersion of correlations of different observables and of the
total mass of clusters, as well as their sensitivity to various
uncertain galactic processes and the evolutionary stage of the
clusters.

Figure 6 shows an example of numerical simulation
results used to choose optimal observables as cluster mass
indicators. For example, numerical simulations revealed that
the total internal energy of the hot gas in clusters comprised
inside the region with a sufficiently large radius R,
Eq = J,_gn.T.dV, where n. and T, are the density and
temperature of electrons in the hot cluster plasma, shows
minimal dispersion relative to the cluster mass [113, 114]. This
energy is linked to the integral amplitude of the SZ effect [63,
64] inside the corresponding volume, Ysz = (kpor/mec?)Eq,
which is determined by the observables of these effects in
clusters® (see, e.g., detailed review [72]).

Although observational errors of the SZ effect measure-
ments still preclude mass estimates from reaching the
theoretically expected accuracy, a similar indicator can be
obtained from X-ray cluster measurements [111]. This
quantity is simply the product of the gas mass and
temperature averaged over the interval of radii, excluding
the cluster core: Yx = M, Tx.

The analysis of numerical simulations reveals that if
the temperature is estimated in the range of radii
0.15 < r/Rspo < 1, where Rsgpp is the radius of the region
inside which the total mass density is equal to 500p.,;(z) and
Pit(2) 1s the critical density of the Universe at the observed
redshift, then Yx correlates with the total mass of the cluster
inside the radius Rsop with a dispersion of only ~ 8%, as
shown in Fig. 6a. Moreover, the slope of this power-law
correlation and its dispersion are virtually insensitive to the
uncertain processes related to galaxy formation and to the
dynamical state of the cluster [111, 115-117].

6 Here kg, oT, me, and ¢ are the Boltzmann constant, the Thomson cross
section, the electron rest mass, and the speed of light.



324 A A Vikhlinin, A V Kravtsov, M L Markevich, R A Sunyaev, E M Churazov

Physics— Uspekhi 57 (4)

Although the temperature must be measured to deter-
mine Yy, Fig. 6b indicates that the bolometric luminosity of
clusters, measured inside the radius range 0.15 < r/Rspp < 1
for the observed sample of clusters with different properties
and dynamical states [112], has a dispersion of only =~ 16%
relative to Yx. The gas mass inside the region with the
radius Rsgg, tightly connected with the X-ray luminosity
shown in Fig. 6, has a dispersion of only ~ 5—8% relative
to Yx and the total mass of the clusters [111, 117]. Hence,
the values with a relatively low dispersion relative to the
mass can also be derived from those X-ray observations in
which the temperature cannot be measured. However, in
that case, the correlation slope is much more sensitive to the
details of physical processes related to galaxy formation and
to uncertainties in the numerical modeling of these
processes [117].

Quantities similar to Yx, the mass of gas, and the cluster
luminosity (excluding contributions from the inner parts) are
now widely used to estimate the galaxy cluster mass function
at different redshifts. These estimates and their application to
constraining cosmological parameters, including the dark
energy density, are discussed at length in Section 3.

3. Cosmological studies with galaxy clusters

Theoretical arguments and results of numerical simulations
described in Section 2 reveal a strong dependence of cluster
properties on the cosmological model. Therefore, galaxy
cluster studies allow imposing stringent constraints on
several critically important parameters, for example, on the
empirical description of so-called dark energy, which is
responsible for the accelerated expansion of the Universe
[118, 119].

There are two principal observational manifestations of
dark energy. One is due to the dark energy effect on the
expansion of the Universe as a whole. The dependence of the
expansion factor on time can be derived from the distance—
redshift relation, measured, for example, using type-la super-
novae as standard candles, or the baryonic acoustic oscilla-
tion wavelength (see, e.g., [18, 120]) as the standard ruler
[121]. This type of cosmological measurement is usually
referred to as ‘geometrical’.

The other potentially observable effect is the dark energy
influence on the large-scale structure growth rate. It is
expected that the structure growth rate slows after the
Universe starts the accelerating expansion at z = 0.8. If the
value of this effect is measured with sufficient accuracy, for
example, from the Sachs—Wolf effect [122], from weak
gravitational lensing on large-scale structures, from distor-
tion of the radial projection of galaxy distribution [123], or
from galaxy cluster evolution, as discussed below, then,
combined with geometrical methods, this must significantly
improve the accuracy of the determination of dark energy
characteristics [121]. In addition, the possibility arises of
checking the validity of general relativity (GR) equations at
large scales, 10—100 Mpc [124].

We note that galaxy cluster observations offer the
possibility of probing structure growth in the Universe and
of performing geometrical tests. Observations of individual
clusters allow determining the distant—redshift relation either
through the SZ effect [125], by combining microwave and
X-ray data for a particular object, or by using the expected
universality of the specific fraction of the hot intergalactic
2as, feas = Mgas/Mior [126, 127]. These methods can be

Figure 7. Example of using an X-ray image to search for distant galaxy
clusters. This sky area was observed by Chandra for 1.5 hours. The
extended X-ray emission of the intergalactic gas in two clusters (marked
with arrows) is clearly distinguished on the statistical noise background
and numerous point-like sources.

applied to independently measure the Hubble constant by
observing clusters at small z.

Measurements of the structure growth rate using clusters
are currently performed mainly based on the cluster mass
function, whose amplitude is exponentially sensitive to the
linear amplitude of matter density perturbations at a given
redshift, and hence allows deriving exact constraints even in
the case of relatively poor object samples [128].

In the near future, the availability of huge cluster catalogs
(~ 10° objects), which can be found, for example, from the
deep X-ray survey of the SRG observatory,” will enable two
additional cosmological tests. First, in such extensive cata-
logs, it will be possible to detect baryonic oscillations in the
spatial distribution of objects, to provide an independent
geometrical test. Second, the structure growth can be traced
not only by the cluster mass function evolution but also by the
gradual increase in its spatial correlation amplitude.

The practical possibility of precise cosmological measure-
ments using galaxy clusters arose after the launch of the
Chandra and XMM-Newton X-ray observatories, which
yielded detailed data for individual objects (Fig. 7). Simulta-
neously, significant progress was made in theoretical and
numerical cluster modeling (see, e.g., [129]). This led to a
deeper understanding of physical processes in clusters and a
dramatically improved possibilities of obtaining reliable mass
estimates from observations. In the last few years, the
elaborated methodology has been used to measure the
cosmological model parameters with next-generation sky
surveys based on the SZ effect.

3.1 Galaxy cluster catalogs with high statistical ‘purity’
The first precise cosmological results with galaxy clusters
were obtained using catalogs of distant objects found in
images by the ROSAT satellite (from the German, Roentgen-
satellit). The experience from this research is extremely
important for the future SRG observatory that will be able
to survey the entire X-ray sky with the sensitivity and angular
resolution that were attained by ROSAT only in observations
of a small area of about 100 square degrees.

The ROSAT X-ray observatory, operated in the 1990s,
provided extensive data for sampling galaxy clusters at

7 http://hea.iki.rssi.ru/ru/index.php?page = srg.
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Figure 8. Example of detecting a remote galaxy cluster (z = 1.1) using the SZ effect [135]: (a) image taken by SPT (S/N is the signal-to-noise ratio), and

(b) optical image.

redshifts up to z > 1 with high statistical completeness [130].
The ROSAT satellite conducted X-ray surveys with different
sky coverage in a wide sensitivity range (see, e.g., the BCS
(Bright Cluster Sample) and REFLEX (ROSAT-ESO Flux-
Limited X-ray Survey) catalogs [131, 132]). Due to ‘heroic’
efforts on optical identification, the all-sky ROSAT survey
can be used to search for record large clusters at redshifts up
to z ~ 0.5 (see MACS (Massive Cluster Survey) [133]). In the
X-ray pointing regime, ROSAT covered only about 2% of the
sky at high galactic latitudes. But the sensitivity and angular
resolution in this regime were much higher than during the
all-sky survey, which allowed these data to be used in
searching for clusters at z & 0.6 in approximately the same
mass range where the all-sky survey was sensitive to small
objects at low z. One of the most well-known and widely
exploited cluster catalogs is the so-called 400d catalog [134],
comprising 266 clusters and galaxy groups with the maximum
z=0.9, compiled from the analysis of a large number of
ROSAT X-ray images taken in the pointing regime with a
total coverage of 400 square degrees.

Recently, the focus of searches for distant galaxy clusters
and their use in cosmology has shifted to studies relying on the
SZ effect (Fig. 8). Experimental searches for clusters are being
carried out using sky maps obtained by the Planck satellite, as
well as using sensitive surveys of areas several thousand
square degrees in size obtained by the ground-based tele-
scopes SPT (South Pole Telescope) and ACT (Atacama
Cosmology Telescope) [135-137]. Due to the large coverage
area and the weak redshift dependence of the observed effect,
the Planck, SPT, and ACT surveys have significantly
extended the cluster mass function measurements toward
higher masses and higher z.

3.2 Detailed measurements of individual object parameters
In spite of the rapid development of instruments aimed at
observing the SZ effect, X-ray data continues to provide the
most accurate measurements of individual galaxy para-

meters. X-ray observations of low-redshift objects by Chan-
dra and XMM-Newton are able to measure the density,
temperature, and metallicity profiles of hot cluster gas in
detail in a wide interval of radii. A range of systematic studies
[138-140] reveals a general picture in which the hot gas
properties demonstrate a high degree of self-similarity
(Fig. 9, 10) (see also [141, 142]) outside the central parts of
the cluster, where the processes that are not directly related to
the intergalactic gas heating during gravitational collapse are
important (see Section 5).

Such measurements of the cluster characteristics are
extremely important for cosmological applications. First,
they provide dependences necessary for measuring the
cluster mass profile by one of the most popular methods,
based on the hydrostatic equation of a gas in a spherically
symmetric gravitational field. Second, the observed hot gas
profiles are extremely valuable for testing the accuracy of
numerical simulations of cluster formation?® (see Section 5).
Finally, the self-similarity of the observed hot gas profiles
directly suggests that the cluster properties are mainly
determined by a single parameter, their total mass. This is
the key feature of the theory of galaxy cluster formation and
underlies the use of these clusters in cosmology.

3.3 Cluster mass measurements
Although the existence of self-similar relations between
different properties of galaxy clusters and their total mass

8 We note that at the current level of theory and observational accuracy,
numerical simulations cannot be used for exact predictions of galaxy
cluster properties in different cosmological models by considering their
evolution from the initial conditions in the early Universe. The numerical
simulations play the leading role in justifying the existence of relations
between the total mass of objects and their observed integral X-ray and SZ
properties. These predictions are reliable insofar as we can check that the
numerical models correctly reproduce even more complicated and
nontrivial properties of galaxy clusters.
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Figure 10. Scaled temperature profiles of the hot gas in a representative
cluster sample as measured by the XMM-Newton observatory [140].

has been recognized, the absolute link of these relations to the
total mass of objects was uncertain for a long time (see, e.g., a
review of the situation in 2003 from the theoretical standpoint
in [143]).

Today, the situation is much better [144]. The normal-
izations of relations between the cluster masses and their
parameters obtained from X-ray mass measurements in
dynamically ‘quiet’ objects (see, e.g., [138]), as inferred from
numerical simulations [145, 146] and from gravitational
lensing observations of representative samples [145, 146], are
consistent up to about 10%. This accuracy is sufficient for a
range of cosmological parameter measurements. The ten-
percent accuracy of the absolute calibration of cluster masses
follows not only from comparing different measurement

methods but also from the implicit consistency of the
cosmological parameters derived from X-ray observations
[147] and from analyses of optically selected clusters with
their subsequent mean mass calibration using the gravita-
tional lensing method [148], as well as from recent measure-
ments of the weak gravitational lensing effect in large sky
areas [149].

3.4 Geometrical test using X-ray data

and the Sunyaev—Zeldovich effect

As mentioned above, SZ observations of the hot gas in galaxy
clusters are becoming comparable in accuracy with the best
X-ray measurements of the gas characteristics. Because the
X-ray signals and SZ signals depend on the distance to the
object differently, the possibility arises of measuring the
cosmological distance-redshift relation and comparing these
data.

Presently, the most interesting results obtained by this
method include measurements of the absolute distance to a
range of galaxy clusters, which yield an independent value of
the Hubble constant, Hy = 76.9 & 10 km s~! Mpc~! [150].

3.5 Geometrical test

using the hot gas specific mass fraction f,,q

It is expected in [151] that on galaxy cluster scales, gravity is
the main force, and therefore baryons and dark matter should
not be significantly separated in the course of cluster
formation; hence, the baryon fraction in the total cluster
mass should be close to the mean value in the Universe,
Jo = My /Mot = Qy/Q). The expected universality of f, can
be used as a distance measure as follows [126, 127].

The mass of the hot gas (about 80%-90% of the total
baryonic mass [152]), as derived from X-ray data, is
proportional to d3/2, where d is the distance to the cluster.
The total mass inferred from the hydrostatic equilibrium
equation or any other dynamical method scales as d. There-
fore, the hot gas fraction in the total cluster mass, derived
from observations, is proportional to ¢/? and is constant as a
function of z only when the correct distance—redshift relation
is used.

The practical application of this cosmological test became
possible only after the launch of the Chandra X-ray
observatory in 1999. The results of the test independently
support the conclusion that the current evolution of the
Universe is primarily governed by dark energy (Fig. 11). The
expected constancy of measured fg,s at different z is indeed
observed for a combination of cosmological parameters
around Q,, = 0.3 and Q, = 0.7, whereas, for example, the
combination Qy; = 1, Q, = Oleads to strong trends in fgs(z).

Unfortunately, using this method for more precise
cosmological estimates is difficult because fg,s (and even the
total baryon fraction, comprising stellar matter in galaxies) is
not exactly constant, which appears in the observed trends of
Jeas With changing radius in individual objects, as well as in
the dependence of fu,s, measured within a fixed fraction of the
virial radius, on the total mass of the object [138, 139, 142].
The presence of these trends in low-z clusters almost certainly
implies that the ‘true’ value of fg, should also vary with the
redshift.

Unfortunately, theoretical cluster models are insuffi-
ciently developed for precisely accounting for effects that are
can be responsible for the incomplete universality of the value
Jeas- Hence, in practical applications of the cosmological test
based on fg(z), a significant level of systematic uncertainties
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should be taken into account, which restricts the accuracy of
the method for determination, for example, of the state
parameter in the dark energy equation (see, e.g., [153]).

3.6 Measuring the large-scale structure growth rate
The growth rate of structures in the Universe is a beautiful
addition to the distance—redshift tests (see,e.g., [154]) and has
a comparable sensitivity to the dark energy properties. The
cluster mass function evolution traces the general growth of
the small matter density perturbations, but with an exponen-
tial enhancement. Therefore, an acceptable accuracy level in
determining the cosmological parameters is achievable from
the analysis of relatively poor samples of the objects.
Currently, the best measurements of the galaxy cluster
mass function from X-ray data allow tracing the perturba-
tion growth history in the redshift range z =0—0.7. The

results of these measurements confirm the deceleration in the
perturbation growth rate due to transition to the accelerated
expansion stage. They also greatly improve constraints on
the effective parameter of the dark energy equation of state
and even set an upper bound on a ‘nonstandard’ gravita-
tional interaction on scales ~ 10 Mpc in some model GR
extensions.

Figure 12 illustrates the sensitivity of the galaxy cluster
mass function to the presence of dark energy. The cluster
sample used in [147] is statistically representative enough to
measure the density perturbation amplitude at redshifts
z=0.015-0.150, 0.35—0.45, 0.45—0.55, and 0.55—0.90. By
combining these results with the fluctuation amplitude at
z ~ 1000, as derived from the angular CMB anisotropy, it is
possible to reconstruct the perturbation growth history in a
very broad redshift range (Fig. 13). These data clearly
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Figure 13. Evolution of the relative amplitude of linear matter density
perturbations in the Universe derived from the cluster mass function
(black dots). The total amplitude of this dependence is normalized to its
value at z ~ 1000, inferred from WMAP measurements of CMB fluctua-
tions (the white dot, conventionally set to z = 4.5), and to the growth rate
that is expected in the cosmological model with Q,, = 1 without dark
energy. (WMAP, Wilkinson Microwave Anisotropy Probe.) The solid line
displays the growth rate that is expected in the ‘standard” ACDM model,
and the dashed lines indicate the growth rate in models without dark
energy with different values of the parameter Q).

demonstrate the perturbation growth deceleration at low z.
The data also suggest that the transition to a slower growth
occurred fairly close to z~ 1, exactly as expected in
cosmological models with dark energy.

3.7 Expected results of future experiments
In the coming years, a precise measurement of galaxy cluster
properties is expected at different wavelengths. In addition,
space and ground-based experiments aimed at conducting
large-area sky surveys will produce galaxy cluster catalogs
comprising several tens and hundreds of thousands of objects
in a wide range of masses and redshifts. This will significantly
improve the precision of the cosmological tests discussed
above. We consider several examples.

The most significant progress is expected from the SRG
space observatory (scheduled to launch in 2016), which will

produce a catalog of 10° galaxy clusters selected by the
‘purest’ of the existing methods, X-ray emission of inter-
galactic gas. The sensitivity of the SRG surveys will be
sufficient to discover all clusters inside the visible Universe
above a threshold mass Msyy ~ 3 x 10M4M .

The results of the second year of observations of the
Planck observatory, as well as of the sky surveys conducted by
the upgraded ACT and SPT telescopes, will significantly
increase the number of galaxy clusters with a precisely
measured SZ effect. These experiments will probably not
match the SRG in the total number of detected objects.
However, the simultaneous X-ray and microwave measure-
ments of the hot gas parameters in clusters increase the
accuracy and reliability of cosmological measurements.

Significant progress in precise measurements of cluster
parameters is also expected due to optical sky surveys, such as
DES (Dark Energy Survey) currently ongoing for the second
year and the Euclid satellite survey scheduled for launch in
2019, as well as the infrared sky survey to be conducted by the
WFIRST (Wide-Field Infrared Survey Telescope) satellite
scheduled for launch in the first half of the 2020s. The optical
and infrared surveys will also result in extensive (several
hundred thousand) catalogs of clusters, selected from the
analysis of galaxy color distribution and in the sky projection.
This method of cluster searches is less pure than using X-ray
emission or the SZ effect from hot intergalactic gas; however,
the catalogs obtained may be used for qualitative measure-
ments of the spatial distribution of clusters and for perform-
ing related cosmological tests.

An absolutely new possibility that is opened up by new-
generation optical and infrared surveys is measuring the mean
signal from weak lensing from several hundred and thousands
of galaxy clusters, leading to a dramatic improvement in the
absolute precision of the cluster mass calibration.

4. Shocks in the intergalactic gas

According to the modern picture of the growth of the large-
scale structure in the Universe, galaxy clusters result from the
merging of less massive clusters and groups due to gravita-
tional attraction. Later on, many of them merge with larger
clusters; the largest modern structures that have reached virial
equilibrium have masses about 10'° M. Examples of clusters
at different stages of this hierarchical assembly are displayed
in Fig. 14.

500 kpc
—

Figure 14. (a, b) X-ray images of clusters at different stages of merging. (a) A pair of clusters approaching each other (A401-A399, ROSAT). (b) The
collision and strong perturbations in the intergalactic medium, including a shock wave (A520, Chandra). (c) The final result in a state close to the

hydrodynamic equilibrium (A2029, Chandra).
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Figure 15. (Color online.) The merging cluster 1E0657-56. (a) The X-ray image and (b) gas temperature map obtained by Chandra [173-175]. Contours in
panel b correspond to the X-ray brightness in panel a; temperature scale from 5 keV (in blue) to 20 keV (in yellow). A bright cold bullet that flew through
the big cluster in the westward direction is seen (to the right). A shock wave propagates ahead of the bullet (rightmost contour).

The kinetic energy of colliding massive clusters reaches
10% ergs; in the total energy, these events are second only to
the Big Bang. During the collision, lasting for about 10° years,
a substantial part of this energy (10-20%, the fraction in the
gas component) is dissipated in the intergalactic gas via
shocks and turbulence; as a result, the gas is heated to a
temperature corresponding to a deeper potential well of the
new cluster.

At first glance, after a sufficiently long time, gas and dark
matter in an isolated cluster must come to virial and
hydrostatic equilibrium. But the actual physics is more
complicated. In the center of the cluster, a galaxy with an
active nucleus is frequently found, which significantly
changes the energy balance in its central relatively cold
region (see Section 5 for more details). We also know from
radio observations that magnetic field strengths B~
1—10 pG and a turbulent structure [155, 156], and ultra-
relativistic particles with y ~ 103 —10* [157] are present in the
intergalactic plasma. Presumably, a certain part of the kinetic
energy of colliding clusters is spent to enhancing the magnetic
field and to accelerating particles in the cluster plasma.

These processes have been poorly explored, but numerical
modeling and some observations suggest that the energy
density of turbulence, magnetic fields, and relativistic
particles can be of the same order of magnitude (see, e.g.,
[158, 159]), and must generally be much smaller than the
thermal pressure.

In Sections 2 and 3, we considered the use of galaxy
clusters, especially their mass functions at different epochs,
for determining cosmological model parameters [76, 160] (see
also the recent results in [147]). The accuracy of determining
the mass is critically important for these experiments.
However, the total cluster mass, dominated by invisible dark
matter, is not measured directly but is obtained using indirect
methods, for example, the hydrostatic equilibrium method
[161], with the total mass estimated from the gas density and
pressure gradients observed in X-rays, under the assumption
that this gas is at rest and in equilibrium with the gravitational
potential of the cluster. So far, such estimates have been
sufficient, because the accuracy of the results have been

limited by sparse cluster samples. In the nearest future, the
sample sizes will dramatically increase (for example, the SRG
observatory is expected to discover ~ 10*—10° new clusters
suitable for cosmological tests), which will require measuring
the cluster mass with an accuracy of several percent. This
accuracy cannot be achieved without the understanding (and
appropriate numerical modeling) of the physics the inter-
galactic plasma. This includes, in particular, answering the
following questions: How fast does the turbulence decay?
What is the contribution of nonthermal effects to the energy
balance of clusters? Do the plasma properties measured in the
X-ray and microwave range correspond to real thermody-
namic plasma properties?

Shock waves in clusters afford a promising instrument to
probe the intergalactic plasma properties, to study clusters as
a whole, and even to investigate some properties of dark
matter. The launch of the Chandra observatory enabled
X-ray studies of shock waves in the form of sharp density and
temperature jumps in the gas. Shock waves have turned out to
be a quite rare phenomenon: during more than 10 years of
operation of the Chandra, XMM-Newton, and Suzaku
satellites, only about a dozen have been discovered [162—
171]. The gas pressure jump can also be observed in the
microwave band via the SZ effect. In this way, the Planck
observatory has already discovered two shock waves in the
Coma cluster [172].

The first shock wave was discovered in the cluster
1E0657-56 (Bullet), shown in Fig. 15 [162, 173]. A brief
inspection of the X-ray image reveals that two clusters are
merging here, one of which (the relatively cold and dense gas
‘bullet’) has just flown through the massive cluster, and is
currently flying from it and pushing a forward bow shock.

Figure 16 presents a numerical model for this cluster [176],
with the total mass contours of two model clusters. The total
mass map of 1E0657-56 is known from gravitational lensing
[177, 178].

Figure 17 shows the X-ray brightness and projected gas
temperature profiles inferred from Chandra observations, in
a narrow sector passing through the head of the bullet and the
shock. At the bullet boundary, the gas pressure is approxi-
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Figure 16. (Color online.) A numerical model of the cluster 1E0657-56
[176]. Colors indicate the X-ray brightness of the gas, contours show the
total mass distribution (two clusters with different masses flew through
each other in the sky plane). The model qualitatively reproduces the
observations presented in Fig. 15.

mately constant (the gas density increases, but its temperature
decreases). This contact discontinuity, or ‘cold front’ [179], is
another interesting phenomenon in the intergalactic gas
discovered by Chandra (which we do not discuss here). At
the shock front, both the density and temperature increase, in
agreement with the Hugoniot adiabat. The X-ray brightness
profile is well described by the projection of the gas density
jump by a factor of about three, which for an ideal gas
corresponds to the Mach number 3.0 £ 0.4 [173]. Larger
Mach numbers are not expected because the gas is in
equilibrium with the gravitational potential, and the sound
velocity inside it is of the order of the galactic radial velocity
dispersion g,. The depth of the potential at the cluster center is
@) ~ —9¢ 2, and the velocity of a test particle falling into such
a potential well reaches the value corresponding to the Mach

number M ~ 3. Indeed, all other known shocks in clusters
have M < 3.

The velocity of the shock wave with M = 3 in 1E0657-56
is 4700 km s~!. As follows from numerical simulations
[176], the velocity of the bullet relative to the barycenter of
the formed cluster is lower (=~ 2300 km s~'); the difference is
explained by the gas flow before the shock wave, which is
induced by the gravitational attraction of the infalling bullet
(its gravity advances hydrodynamic effects). For the same
reason, the observed angle of the ‘Mach cone’ is substan-
tially larger than expected in a homogeneous static medium:
@ = arcsin M~ = 20°.

4.1 Bullet cluster and dark matter properties

From X-ray data, we derive the geometry and collision
velocity of two clusters forming 1E0657-56. From the
gravitational lensing, we can also reconstruct the total mass
map [178], and from optical observations, we can reconstruct
the mass distribution in galaxies.

In Fig. 18, an X-ray image and a total mass map are
superimposed on the optical image of the cluster. As follows
from optical spectra, the difference between radial velocities
of the two galaxy clusters forming 1E0657-56 [181] is much
smaller than the sky-projected velocity of the shock and the
bullet. This supports the qualitative conclusion that the
collision occurs almost in the plane of the sky, which can be
inferred from the sharpness of the cold front and shock in the
X-ray image. Moreover, the form of the shock and bullet
suggests that the clusters collided head-on and the gas
distribution is very likely to be axially symmetric. Based on
these data, several interesting conclusions about dark matter
can be inferred.

First, Fig. 18 directly confirms that dark matter really
exists. Gas in clusters, including 1E0657-56, is the dominating
visible matter component: its mass much exceeds that of
galaxies. If there were no dark matter and the high velocity
dispersion of galaxies (and the high gas temperature in
clusters) were explained not by dark matter but, for exam-
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Figure 17. (Color online.) X-ray brightness profiles and projected temperature profiles for the cluster IE0657-56 in a narrow sector passing through the
bullet boundary and the shock wave (Chandra observations [173]). (a) The shock brightness profile is well described by a model with a sharp threefold gas
density jump that has the shape of a spherical segment (the red line), as expected for the shock wave. (b) The vertical lines show the bullet boundary and the
shock wave; the dashed horizontal line indicates the mean gas temperature ahead of the shock wave.
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Figure 18. (Color online.) Maps of X-ray brightness (in pink; data from
Fig. 15a) and of the total mass inferred from gravitational lensing (in
blue, [178]), superimposed on the optical image of the cluster 1E0657-56.
The X-ray gas is the dominant component of visible mater, but the total
mass peaks lie outside the gas distribution peaks (and coincide with galaxy
distribution peaks). This directly proves the existence of the dark matter
component in clusters [177, 178] and points to its collisionless nature [180].
(Figure prepared by the press group of the Chandra observatory.)

ple, by modified gravity at large linear scales [182, 183], the
gravitational lensing would indicate the total mass peaks of
two clusters coincident with gas mass peaks. But this is not so
(see Fig. 18): the total mass peaks are significantly offset from
the visible mass peaks [177, 178]. This can only be explained
by the presence of invisible matter with a mass several times
higher than that of gas. Dark matter and gas are tightly linked
by gravity and appear spatially separated only during cluster
collisions; cluster 1E0657-56 is observed exactly in this rare
stage. After these results were published, several other clusters
with a similar spatial separation of the dark and visible
components were reported [184—186], which rules out the
possibility of explaining these observations in the framework
of modified gravity theories by some rare geometric coin-
cidences.

Next, as can be seen from Fig. 18, dark matter peaks
coincide with peaks of the distribution of collisionless
galaxies, which are clearly ahead of the gas along the
collision trajectory. This offers the interesting opportunity
to assess the validity of the common wisdom that dark matter
is collisionless. Some observations may be better explained by
assuming a nonzero cross section for dark matter particle self-
interactions (see, e.g., [187]).

Hypothetical elastic collisions of dark matter particles
would have several observable effects. For high collisional
cross sections, dark matter would behave like a gas, which is
obviously excluded by Fig. 18. Smaller cross sections would
lead to finer effects, for example, to an anomalously low total-
mass-to-light ratio for two cores of clusters after their passing
through each other (which arises due to the scattering of dark
matter particles, but not galaxies, outside cluster cores) and to
arelative shift in the galaxy and dark matter distributions. No
such effects are observed in the Bullet cluster. Using this fact,
in [180, 188], an upper bound was derived for the elastic
isotropic scattering cross section of dark matter particles as
o/m < 0.7 cm? g~! (where m is the unknown dark matter
particle mass). Hence, almost the entire proposed interesting
cross-section range (0.5-5.0 cm? g~!) is ruled out. Observa-
tions of other similar clusters are consistent with this bound

[184, 189] (the result reported in [190] for cluster A520, which
was in contradiction with this upper bound, has not been
confirmed by more precise data [186]).

This method for estimating ¢/m is simple and relatively
independent of the mass distribution details, but its accuracy
is limited by the knowledge of the trajectory of clusters
moving through each other. In the case of the Bullet cluster,
the collision geometry is simple and obvious, which is not the
case with other similar clusters, and therefore further
improvement in the upper bounds for scattering cross
sections by this method seems to be unlikely. A more
sensitive method, based on the ellipticity of the cluster
gravitational potential peak, was proposed in [191]; how-
ever, it is much more dependent on the accuracy of the dark
matter profile measurement in the cluster core.

4.2 Electron—proton temperature equilibration

in hot plasma

When a shock wave propagates through a fully ionized
plasma, protons must be heated dissipatively and electrons
must be compressed adiabatically (at least for sound Mach
numbers M < (mp/me)l/2 ~ 43, which is well satisfied in the
cluster plasma) and then heated (and protons cooled), due to
the electron—proton heat exchange, to the average tempera-
ture prescribed by the Rankine—Hugoniot jump conditions. If
the heat exchange occurs due to Coulomb collisions, the
characteristic time of equating the electron (7,) and proton
(Tp) temperatures is [192, 193]

) e Lo\
1c=2x10 <10_3 cm‘3> (108 K> [yr]. (6)

Besides Coulomb collisions, there can be other heat exchange
mechanisms in a hot plasma with magnetic fields; therefore,
the characteristic time ¢ is of great interest. Behind a shock
wave propagating in plasma is a region where 7, has not yet
reached the equilibrium value. Unequal T. and T}, are
expected in various astrophysical plasmas, such as the solar
wind, supernova remnants, and the intergalactic medium
outside the clusters. In these objects, it is very difficult to
directly measure the time of the electron—ion heat exchange,
because it is usually impossible to simultaneously measure T,
and T}, (and their variation) on scales where equilibrium can
be reached (for example, in the solar wind plasma, this linear
scale is about several astronomical units, and for supernova
remnants, the time ¢ is comparable to their age).

In clusters, on the other hand, by a lucky coincidence, the
gas parameters and linear scales are such that nonequilibrium
regions are small compared to the cluster size and simulta-
neously can be resolved by telescopes. For example, in
1E0657-56, the width of such a region for the Coulomb
equilibration timescale is 230 kpc, or 50", which is easily
resolved by Chandra.

The T, map in clusters can be constructed from X-ray
spectra, while 7}, cannot be directly measured yet. However,
unlike shocks in supernova remnants, shocks in clusters are
relatively weak, and their density jumps are sufficiently far
from the asymptotic value for strong shocks (p,/p, =4 in a
monoatomic gas). This allows using the density jumps, easily
measured in X-ray plasma, to determine the Mach numbers
and, correspondingly, the value of T}, immediately behind the
shocks. This provides us with all necessary instruments to
estimate the time the electron—ion equilibrium is established
in the cluster plasma.
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Figure 19. Three-dimensional (deprojected) electron temperature immedi-
ately behind the shock in 1E0657-56[173]. Gray bands show predictions of
two models. The ‘adiabatic’ model assumes the classical picture in which
protons are heated by the shock and electrons are compressed adiabati-
cally and then heated due to Coulomb collisions with protons. The ‘shock’
model assumes the instant heating of electrons in the shock to the mean gas
temperature. The gas velocity in the shock reference frame (shown by the
arrow) is calculated from the X-ray data.

Such measurements were conducted for 1E0657-56 [173,
179]. Figure 19 shows two models of the electron tempera-
ture profile formation across the shock: one model assumes
adiabatic electron compression and subsequent heat
exchange with 7 = 7¢, and the other assumes their instant
heating with © < 1c. The plasma velocity relative to the
shock can be exactly derived from the temperature (and,
correspondingly, the sound velocity) in front of the shock
and the density jump at the shock. The measured values of
T. immediately behind the shock better agree with the
model with 7 < 7¢, although the measurement errors are
high.

Similar measurements were carried out for two shocks in
the cluster A2146 [165]. The results for them are not fully
consistent with each other or with the results for 1E0657-56,
and therefore the question on the rate of heat exchange in the
cluster plasma remains open. We note that the Mach numbers
in A2146 (2.3 and 1.6) are lower than in 1E0657-56 (3.0), and
the difference between the adiabatic and dissipative heating is
small and hence difficult to measure.

4.3 Constraints on diffusion in plasma
As noted in [165], the width of plasma density jumps in two
shocks in A2146 is smaller than the mean free path of
electrons, whereas the collisional diffusion would smear out
the shock on a scale of a few mean free paths. This suggests
that the diffusion is suppressed in the plasma. (Similar
measurements of the shock in 1E0657-56 did not rule out
both the zero front width and a smooth front [179].)
Interestingly, a similar observation was made for the
density jump on the ‘cold front’ in A3667: the front is not
resolved by Chandra, and its widening on the scale of several
mean free paths is excluded with high confidence [179, 194].
The conclusion was the same: the diffusion is suppressed.

However, a cold front (the contact discontinuity at the
boundary of a moving gas cloud) and a shock are expected
to have qualitatively different magnetic field structures: the
field must drape around the cold front by forming a magnetic
insulation layer [179, 195], and in the case of a shock, such
insulation is not expected. Therefore, the absence of diffusion
across the shock may suggest the suppression of diffusion in
clusters in general.

A precursor of the electron temperature jump before the
shock front is another expected manifestation of the electron
diffusion through the shock [193, 196]. Unfortunately, even
for such a well-measured cluster as 1E0657-56, the accuracy
of data is insufficient to detect the precursor.

4.4 Ultrarelativistic electrons in the intergalactic plasma
As mentioned above, in addition to hot plasma, clusters
contain magnetic fields and ultrarelativistic particles, from
which synchrotron radio emission is observed [157]. Such
electrons must, in addition, upscatter the CMB photons to
X-ray frequencies. This inverse Compton scattering has not
been discovered so far [197, 198], which is consistent with
estimates of the mean magnetic fields in clusters B > 1 uG
(for a given synchrotron brightness, the stronger the magnetic
field is, the weaker the expected X-ray emission). Relativistic
protons, which should accompany these electrons, have not
been discovered yet either [199].

Although the existence of giant synchrotron radio halos
covering the entire cluster and of peripheral arc-like ‘relics’
with sizes up to 1 Mpc has been recognized for a long time, the
beginning of operation of new sensitive low-frequency
telescopes — GMRT (Giant Meter-wave Radio Telescope),
the upgraded VLA (Very Large Array), and LOFAR (Low-
Frequency Array)—opened the new interesting field of
cluster research. For halos and relics, it became possible to
obtain brightness maps, their spectra, and their polarization
with an angular resolution approaching that of X-ray
observations, which resulted in a number of interesting
findings.

The origin of relativistic electrons generating the radio
halo is not completely clear [200]. The radiation cooling time
of electrons with y ~ 10% is ¢ < 10 years, which is much
shorter than their diffusion time through the cluster; there-
fore, they cannot be generated by the central radio galaxy and
must be produced in situ. Giant radio halos are found
exclusively in merging clusters [201]. In such clusters, shocks
are expected that can accelerate electrons via the Fermi-I
mechanism [202]. However, the shock velocities and 7.0 are
such that sources more similar to long and narrow periphery
relics than to giant halos should arise. Indeed, for a long time
shocks have been proposed to be responsible for the relics.

For example, in Fig. 20, shown are the spectral index and
polarization maps of a well-studied radio relic, which are
consistent with the expected electron cooling rate behind the
shock and the expected magnetic field structure. The source is
located at the expected periphery of the cluster
CIZA2242+53 (Fig. 21), exactly where the shock is
expected. In this case, the sensitivity of X-ray instruments
was insufficient to detect the density jump and to confirm the
presence of the shock [204], although a temperature jump was
observed [169].

In two other cases, A521 (Fig. 22a) [170, 171] and A754
[166], shocks with M = 2.4 and M = 1.6 are visibly associated
with radio relics. The radio spectra of both relics are well
measured, and their steep slopes in both cases are consistent
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Figure 21. Radio relic in the cluster CIZA2242+ 53: radio brightness
contours [204] superimposed on the X-ray image. The relicis located at the
cluster periphery in the direction of its merging, where the shock can be
expected.
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Figure 20. (Color online.) Spectral index and polarization (E vector) maps
in the relic CIZA2242 + 53 [203]. (a) The spectral index change and (b) the
polarization direction as a function of the distance from the edge of the
relic qualitatively agree with those expected in the electron shock
acceleration model and the chaotic magnetic field ‘compressed’ by the
shock.

with the expected spectral slope in the Fermi acceleration
model for the Mach numbers derived from X-ray observa-
tions. (In several other clusters, the Mach numbers derived
from X-ray and radio observations are different; see, e.g.,
[169, 208]. In those cases, shocks are not clearly seen in X-ray
images, and the X-ray estimates are therefore questionable.)
The coincidence of the relic locations with those shocks is
quite unexpected: shocks with such low Mach numbers
should have very low electron acceleration efficiency [209].
Moreover, as pointed out in [166], the extrapolation of the
observed power-law spectrum of electrons with y ~ 10° —10*

down to thermal energies predicts that the pressure of
relativistic electrons must be comparable to the thermal
pressure, which is inconsistent with observations. Therefore,
the model with shock acceleration of electrons directly from
the thermal reservoir is inapplicable here.

A more likely model seems to be the ‘re-acceleration’ of
relativistic electrons with y ~ 10% (which live longer and can
be accumulated in clusters [210]) by the same Fermi I
mechanism. For a given Mach number, this mechanism
provides the same power law slope of electrons at radio
frequencies, and no problems with the acceleration efficiency
and thermal pressure arise here [163, 211, 212].

As noted above, the shock acceleration cannot explain
giant radio halos; another mechanism should be invoked. The
most plausible one appears to be the Fermi II acceleration on
turbulence that arises in the course of cluster merging. Of all
particle acceleration mechanisms, this is the least effective
one: it is incapable of sufficiently rapidly accelerating
electrons from the thermal reservoir and hence also requires

Figure 22. Examples of clusters with shocks that coincide by the position with periphery radio relics or with the sharp edge of a giant radio halo. The radio
brightness contours are superimposed with the X-ray image. (a) AS21 (GMRT, 240 MHz) [205]: the relic at the eastern edge of the cluster coincides with
the shock [170, 171]. (b) A520 (VLA, 1.4 GHz) [206]: the sharp edge of the radio halo (south-west from the center) coincides with the shock seen in Fig. 14b
[163]. (c) Coma (WSRT (Westerbork Synthesis Radio Telescope), 352 MHz) [207]: the sharp western edge of the halo coincides with the shock discovered

by the Planck observatory [172].
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Figure 23. (Color online.) The probable second shock in the cluster IE0657-56, as suggested by the presence of a radio relic [214]. (a) ATCA (Australian
Telescope Compact Array) radio image showing a radio halo and a peripheral relic (crosses the rectangle near the center). (b) X-ray Chandra image (the
same as in Fig. 15a, but with coloring that highlights the cluster periphery). A sharp X-ray brightness jump is observed near the relic. (c) X-ray brightness
profile along the long side of the rectangle shown in panels a and b. The jump has the form characteristic for a gas density discontinuity in projection, and,

apparently, is a shock.

aged relativistic electrons with y ~ 10% as seed particles [200,
213]. We note that if such aged electrons, which cooled out of
the radio band, are indeed ubiquitous in clusters, all periphery
radio relics should be caused by shocks and all shocks would
produce something similar to radio relics. This indeed seems
to be observed, with a few exceptions likely explained by
insufficient data sensitivity. For example, a second shock has
recently been discovered in the Bullet cluster at the radio relic
site (Fig. 23) [214]; the shock front in A521 (Fig. 22a) was
discovered similarly [170]. At the same time, the locations of
X-ray shocks in radio-halo clusters such as A520, Bullet, and
Coma coincide with the sharp brightness edges of their radio
halos (see Fig. 22).

Most likely, the radio halo and its sharp edge, spatially
coincident with the shock, are physically different phenom-
ena, which are related only by the geometry of the plasma
flow during cluster collisions. Indeed, the radio halo edge
frequently shows a spectrum that differs greatly from that of
the main halo, being either steeper (A754) or flatter (A521),
and at certain radio frequencies appearing like a separate
peripheral relic.

4.5 Nearest prospects of cluster shock studies

As can be seen from the foregoing, this relatively new field of
cluster studies is so far at a qualitative level, mainly due to
the complexity of theoretical treatment and numerical
simulations of nonthermal processes in turbulent magne-
tized plasmas. However, observations are progressing
rapidly and are starting to attract the attention of plasma
physics theorists. In the nearest future, X-ray data combined
with low-frequency radio data could provide valuable
information on microphysical properties of the intergalactic
plasma.

The rapid progress in microwave instruments with high
angular resolution and sensitivity is approaching the
possibility of shock studies using the SZ effect. The
ALMA (Atacama Large Millimeter/submillimeter Array)
and GISMO (Goddard-Iram Superconducting 2-Millimeter
Observer) instruments already are, and MUSTANG-2
(Multiplexed SQUID TES (Transition Edge Sensor) Array
in Ninety GHz 2) will in the nearest future be capable of
measuring the shock pressure jumps in clusters 1E0657-56,

AS520, and A2146. In the nearby clusters Coma, A3667, and
A754, such measurements are accessible, in principle, to the
Planck observatory.

The combination of X-ray and microwave observations
allows eliminating the main source of uncertainty of shock
parameters, the unknown geometry along the line of sight
(similarly to determining the distance to the cluster in the well-
known cosmological test). Currently, this uncertainty system-
atically constrains the accuracy of the limits of the electron—
proton heat exchange rate [165].

5. Supermassive black holes in cluster centers

5.1 General picture

Unlike dark matter, the hot gas filling the entire volume of a
cluster can radiate energy and cool. This process significantly
complicates numerical modeling of the clusters and decreases
the measurement accuracy needed for successful numerical
simulations (see Section 2) and cosmological applications
(Section 3) of clusters.

A “‘surgical’ way of accounting for cooling in the
numerical data is to disregard the central zone of clusters
and to use for analysis only the cluster outskirts, where the
cooling time is long and apparently the role of the cooling is
insignificant.

In the cluster centers, the situation is just the opposite:
the radiation cooling time of the hot galactic gas (~ 10° years)
is much shorter than the age of the Universe. Without
external energy sources, the gas should cool at a rate of
(102—10%) Mg, yr~'. This is revealed by numerical simulations
that take radiative losses of the gas into account. The cooling
gas is turned into stars to form the central galaxy with a huge
stellar mass an order of magnitude larger than the actual
galactic masses.

However, X-ray and radio observations of nearby clusters
show that the mechanical energy produced by the central
supermassive black hole regulates the thermal balance of the
gas and prevents it from uncontrolled cooling. Relativistic
plasma flows inflate bubbles in the hot gas, which are lifted by
the Archimedes force in the cluster atmosphere and transfer
their energy to the gas. The efficiency of energy transfer from
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the bubbles to gas only weakly depends on the gas properties
and turns out to be close to unity.

Simple arguments allow estimating the mechanical energy
flux from the supermassive black hole based on the bubble
size. This flux turns out to be equal to the gas radiative cooling
losses by an order of magnitude in objects with a luminosity
difference of more than 10* times. This suggests the presence
of a feedback mechanism in the gas—black-hole system. With
insufficient heating, the gas cooling increases the accretion
rate onto the black hole and hence increases the mechanical
energy flux and gas heating.

Such processes, observed in nearby galaxy clusters, can
regulate both the black-hole growth rate and the star
formation rate in forming elliptical galaxies at z ~ 2—3. The
key factor determining the transformation of the rapid black
hole growth and active star formation into the passive stage is
the high efficiency of gas heating by the mechanical energy
fluxes compared to the radiative heating. This provides the
heating and cooling balance even for comparatively low gas
accretion rates.

Below, we consider only very general issues of the central
black hole mass activity effects on the cluster gas. For a more
detailed discussion, see, e.g., reviews [215, 216].

5.2 Gas cooling
The radiative cooling time of a hot rarefied gas in the galaxy
cluster cores,

b, I’lkBT
o=
cool ’y—l nzA(T)

<108-10° years,

is much shorter than the Hubble time (see, e.g., [217-219]).
Here, n and T are the density and temperature of the gas, y is
the adiabatic index, and A(T) is the cooling function.

In the absence of an external energy source, a cooling gas
flow toward the cluster center should arise (see, e.g., a
description of this scenario in review [220]). However, the
high rate of gas cooling,

Lcool

Mool = 6~ D]koT

pmy ~ (10°=10%) Mo, [yr™],

contradicts observations (see, e.g., [221]) by an order of
magnitude at least. Here, L¢oo = Lx is the total luminosity
of the gas and p is the mean atomic weight of gas particles.

To solve this contradiction, a powerful external source of
gas heating is needed. In the late 1990s and early 2000s, it
became clear that the central supermassive black hole can be
such a source.

5.3 Observational appearances

of the interaction of gas and a supermassive black hole
Giant elliptical galaxies with supermassive black holes
(Mg 2 10° M) reside in the centers of regular galaxy
clusters. Such a black hole, accreting matter at a rate close
to the Eddington value, is able to radiate a power of up to
10%7 erg s—!, more than enough to compensate the radiative
cooling losses of the gas.

However, such bright sources have never been observed in
nearby clusters. In addition, the efficiency of the radiative
energy transfer to a fully ionized gas (via Compton heating) is
low. At the same time, radio observations of the synchrotron
emission from the relativistic plasma of jets and the analysis
of the particle acceleration efficiency suggest that the jet

Figure 24. (a) X-ray [230] and (b) radio (wavelength 6 cm) [235] images of
the central region (3’ x 3') of galaxy M8&7. Bubbles of relativistic plasma
(panel b), inflated by the central supermassive black hole, push out the
thermal plasma to form the low-brightness regions seen in the X-ray image
(panel a).

mechanical energy greatly exceeds the observed black hole
luminosity in the central galaxy of the brightest X-ray cluster
in Perseus (see, e.g., [222]). The mechanical energy of black
holes was taken into account in theoretical models of
individual elliptical galaxies [223, 224]. However, to the full
extent, the black hole impact was revealed by comparing
X-ray and radio observations of nearby galaxy clusters.

The first compelling evidence of the interaction of
relativistic plasma flows from supermassive black holes with
hot gas was deduced from X-ray images of the central parts of
the Perseus cluster (Abell-426) and M87 galaxy (the central
galaxy of the Virgo cluster) obtained by the ROSAT satellite
[225, 226]. Based on this data, the mechanical energy flux
from supermassive black holes was directly estimated, and a
simple physical model for gas heating was suggested [227,
228]. New observations with Chandra and XMM-Newton
allowed extending this analysis to many dozens of objects
(see, e.g., [229-234]).

Generally, the interaction of the black hole mechanical
energy with gas is similar to processes occurring during
powerful explosions in Earth’s atmosphere, which are
described, for example, in Zeldovich and Raizer’s book [29].
The M87 galaxy in the Virgo cluster provides a compelling
example. Figure 24 shows X-ray and radio images of M87
(central 3’ x 3’). Synchrotron radiation from the relativistic
jetisclearly seen in both images. At the same time, we observe
a clear anticorrelation between the X-ray flux produced by
thermal plasma with a temperature of 1-2 keV and the radio
flux related to synchrotron emission of relativistic electrons.
This means that relativistic plasma bubbles inflated by the
supermassive black hole push out the thermal plasma. In the
model where a constant energy injection L, by the super-
massive black hole is assumed, the initial phase of the bubble
expansion is supersonic, and its radius increases as r o< ¢3/5.
As the bubble expands, its expansion velocity becomes
subsonic. Because we do not see any signatures of a powerful
shock in the surrounding gas, it is this stage that is currently
observed in the M87 galaxy nucleus. The minimal energy
required to create such a bubble is determined by its enthalpy,

Enubble = —— v,

y—1
where y is the adiabatic exponent inside the bubble (y = 4/3
for the relativistic plasma), p is the pressure of the surround-
ing thermal plasma, and ¥ is the bubble volume.
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Figure 25. (a) Large-scale structure of M87 seen in the radio band (size ~ 7’ x 7/, wavelength 90 cm) [236]. Three generations of ‘bubbles’ are clearly
visible: (1) the bubble in the central region immediately around the jets; (2) toroidal structures associated with the evolution of the bubbles as they rise in
the atmosphere; (3) large regions on both sides of the core associated with the ‘oldest’ bubbles. (b) X-ray (0.5-3.5 keV) image of M87. Visible are filaments
of the relatively cold (7 < 1 keV) gas following the bubble. (¢) X-ray (3.5-7.5 keV) image in which the observed X-ray flux reflects the gas pressure
distribution, allowing the bright X-ray ring at a distance of ~ 2.7’ from the center to be interpreted in terms of a shock.

At the subsonic expansion stage, the Rayleigh-Taylor
instability starts deforming the bubble, and the Archimedes
force carries it outside the central region. To estimate the
mechanical energy power, it is possible to use the estimate of
the bubble lifetime due to the Archimedes force [227]. Indeed,
the velocity of a bubble rising in a stratified thermal plasma
atmosphere is determined by the balance between the
Archimedes force and the gas drag:

4
3 — 2 2
g 3 T Paas R CTU 7 PoasVfie s

where g is the gravity acceleration, r is the bubble size, and C'is
a dimensionless constant of the order of unity (for a low-
viscosity gas). Hence, vijse ~ /gr. On the other hand, the
bubble expansion velocity is determined by the power L, of
the relativistic plasma flow that blows the bubble,

Ly
) ~N—
P 4mr2p

(for subsonic expansion). The condition ve, X Vrise means
that the Archimedes force has no time to substantially shift
the expanding bubble. Applied to bubbles in the inner region
of M87 (see Fig. 24), this condition yields the mechanical
power estimate Ly ~ 10¥ erg s~!, which roughly corre-
sponds to gas radiative losses. An equivalent estimate can be
obtained by simply dividing the bubble energy by the time it
rises a distance of the order of its radius, fpupble ~
1/ Vsise ™~ \/r/_g Of course, such estimates and their modifica-
tions (see, e.g., [215]) give only an order-of-magnitude value
of LM

It can be expected that during the initial phase of bubble
formation (when its radius is small), its expansion velocity is
supersonic, and a shock wave starts propagating through the
hot gas. When the expansion velocity becomes subsonic, the
shock wave runs ahead. This wave allows independently
estimating the total energy released by the supermassive
black hole during bubble formation. A shock wave is clearly
seen in M87 (Fig. 25) at a distance of ~ 2.7’ from the center
[230, 237]. The temperature and density jumps at the shock
front correspond to the Mach number M ~ 1.2. From simple
one-dimensional calculations, we can estimate the total
energy released, E ~ 5 x 10°7 erg, and the time of bubble
formation, ~ 12 mln years. The ratio of these quantities yields
the mean energy power Ly ~ 10 erg s~! over this period,

which is also consistent with gas cooling energy losses. The
fraction of the shock energy in this calculation is about 25%
of the total energy: the other 75% turned into bubble
enthalpy or was spent to heat the gas at the initial strong
shock stage.

5.4 Mechanical energy dissipation
A rising relativistic plasma bubble can be transformed into a
toroidal structure (Figs 25 and 26), reminiscent of the
mushroom cloud arising from powerful atmospheric explo-
sions. As in the case of explosions, the bubble entrains low-
entropy gas, which cools in adiabatic expansion to form cold
gas filaments following the mushroom (see, e.g, [228, 238,
239]).

The rising bubble travels with the speed vyise ~ /g7, which
does not exceed the sound speed in the thermal plasma and is

Weak shock

‘9 Relativistic plasma bubbles

—_—— e — — — — — =

Rising thermal gas To the observer

‘Pancakes’

Figure 26. Schematic view of the interaction of relativistic plasma bubbles
inflated by a supermassive black hole, as suggested by the analogy with
processes occurring during strong atmospheric explosions. Relativistic
plasma bubbles at the center are currently being formed by the relativistic
plasma outflow from the black hole. The ring shows an expanding
spherical (weak) shock caused by the bubble formation. The relativistic
plasma bubble rising by the Archimedes force can be transformed into a
toroidal structure, reminiscent of the mushroom cloud arising from
powerful atmospheric explosions. As in the case of the explosions, the
bubble entrains low-entropy gas, which cools in the course of the adiabatic
expansion and forms filaments following the bubble. At late evolutionary
stages, the bubbles turn into oblate (in radius) structures (see Fig. 25).
(Figure adapted from [228].)
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much lower than the sound speed in the relativistic plasma
inside the bubble. As a result of the adiabatic expansion of
matter inside the bubble, the energy (enthalpy) stored in the
bubble decreases in correspondence with the decrease in the
pressure of the ambient gas:

E:Lchxp(”"*l)/”.
y—1

Therefore, the bubble, after having risen a distance of several
pressure scale heights of the atmosphere, completely loses the
stored energy, which is transferred to the surrounding gas.
This energy is spent to overcome the gas drag, to generate
internal waves and turbulence behind the bubble, etc. Details
of these processes depend on the gas properties (in particular,
on the viscosity) and the presence of magnetic fields. The
subsonic character of bubble motion means that only a small
fraction of the energy turns into sound waves. The energy
transferred to the surrounding gas by other processes turns
out to be ‘bound’ to the gas and ultimately is transformed into
heat in the central zone of the cluster.

Thus, we can expect that a significant fraction of the
black-hole mechanical energy is turned into gas heating,
irrespective of the specific mechanism of energy transfer and
dissipation. In fact, the central part of the cluster works like a
calorimeter by intercepting almost all mechanical energy
from the black hole [240].

A substantial fraction of the energy (several dozen
percent) can be transformed into a quasi-spherical weak
shock/sound wave (see Fig. 25) propagating through the
cluster gas. Unlike dissipation in a strong shock, the energy
dissipation in the sound wave depends on the gas properties
(viscosity and heat conductivity). However, it is quite likely
that such waves can dissipate most of their energy in the
central zone of the cluster [241], leading to an additional gas
heating. In this way, the energy is injected isotropically,
making such a heating mechanism very attractive. However,
it is not obvious that a fraction of energy exceeding ~ 25%
can be transferred to the sound waves [237]. The dominant
gas heating mechanism is probably the bubble’s enthalpy
dissipation and heating at the strong shock stage (if such a
stage actually occurs).

5.5 Feedback mechanism

The signatures of the black hole mechanical energy effects on
the surrounding gas are observed is systems that differ in size
by several orders of magnitude, starting from dwarf elliptical
galaxies, such as NGC5813 [242], and ending with massive
clusters, such as MS0735.6+ 7421 at the redshift z = 0.22
[243]. The bubble volumes in these systems differ by about
four orders of magnitude. Nevertheless, in each of these
systems, the estimates of mechanical energy fluxes and gas
cooling rates are comparable. A systematic comparison of the
gas heating and cooling (see, e.g., [232, 233]) revealed a
compelling correlation between these quantities for several
dozen objects (Fig. 27).

Hence, the activity of a supermassive black hole can adjust
to the gas cooling rate in every system. In fact, the gas—
supermassive-black-hole system represents a self-regulating
system with negative feedback. The general scheme is as
follows: decreasing the energy release from the black hole
leads to gas cooling; the gas starts flowing toward the cluster
center, thus increasing the mass accretion rate onto the black
hole and hence increasing the energy release.
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Figure 27. Comparison of the mechanical power of a supermassive black
hole and cooling losses of the gas for a large cluster sample; p and V are the
pressure and volume of the bubbles. Despite the large scatter, a correlation
is evident. This correlation indicates that the black hole power is
‘regulated’ to provide approximate balance between heating and cooling.
(From paper [233].)

We consider two simplest mechanisms providing such a
feedback.

In the first (see, e.g., [240, 244]), accretion occurs directly
from the hot gas, and its rate is described by the classical
Bondi formula [245] for spherically symmetric adiabatic gas
flow onto a central compact object, M~ n(GMBH)ch*3p,
where ¢ = (ykgT/(umy)) /2 is the sound velocity in the gas
and p is the gas density. In terms of gas parameters, the
accretion rate is proportional to n/c] oc n/T3? oc 5732,
where s = T/n?/3, ie., is in fact determined by the gas
entropy.

We note that in a stable atmosphere, low-entropy gas
accumulates at the bottom of the potential well, where the
black hole resides. The accretion rate is therefore determined
by the minimal gas entropy in the entire system. Such a
system can establish the balance between gas heating and
cooling.

Interestingly, estimates of the expected energy release in
several nearby clusters, obtained using the Bondi formula, are
in reasonable agreement with estimates derived from bubble
sizes (see, e.g., [240, 244, 246]). Here, it should be borne in
mind that due to the presence of angular momentum in the
gas, the Bondi solution can hardly be applied near the black
hole. In this model, it only determines the mass accretion rate
at the capture radius.

In the second variant (see, e.g., [247, 248]), a small amount
of gas has time to cool to form cold gas clouds. The clouds
move in the potential well of the central part of the cluster,
collide, and lose the angular momentum, and eventually
supply material for accretion onto the supermassive black
hole. This variant was conventionally called ‘cold accretion’,
as opposed to the ‘hot accretion’ described by the Bondi
formula.

The two variants described above strongly differ in the
details of how the gas falls onto the black hole, but rely on the
common assumption that insufficient gas heating leads to an
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Figure 28. (a) Qualitative picture of a black hole and host galaxy evolution under the condition that the gas heating as a function of the accretion rate be
described by Eqn (7). The dotted curves show the energy released as radiation and as mechanical energy (in units of the Eddington luminosity). The solid
curve shows the total heating rate obtained with the efficiency of transformation of different forms of energy into gas heating (the coefficients o and ag)
taken into account. The heating rate turns out to be a nonmonotonic function of the accretion rate. The horizontal line shows the cooling losses of the gas.
As the supermassive black hole mass increases, the horizontal line shifts downwards. The black hole transits from the high-accretion rate, high-luminosity
quasar state (QSO, quasi-stellar object) into a state with low luminosity but with a sufficiently efficient gas heating due to the mechanical energy. The
growth of the supermassive black hole mass drastically decreases, and the gas cooling and star formation stop. (b) Schematic representation of the
evolution of the observed black hole characteristics. The bright quasar phase is followed by the radio source phase with a slow growth of the black-hole

mass. (Figure adapted from paper [249].)

increase in the accretion rate onto the black hole and the
accretion power.

5.6 Relation to the evolution of elliptical galaxies
Compelling evidence of the influence of supermassive black
holes on gas cooling in nearby galaxy clusters suggests that a
similar process may affect the formation and evolution of
galaxies at z ~ 2—3. For this to be the case, three conditions
must be satisfied: (1) the black hole mass must be sufficiently
large; (2) a significant fraction of the black hole power must
be in the mechanical form; (3) gas must form an extended
quasispherical atmosphere.

The first condition simply allows the black hole to
generate enough power to significantly affect the thermo-
dynamic properties of gas on the galactic scale. The combina-
tion of the second and third conditions provides high
efficiency of this energy reprocessing into gas heating.

In the framework of a simple qualitative model [249], the
gas heating due to the black hole power accreting with a rate
M can be written as

H(M) = (oanem (i) + foeR(rh))O.lMcz, (7)

where M and 1 are the mass accretion rates in physical units
and in units of the Eddington luminosity respectively, ey (11)
and eg (m) characterize the efficiency of the accreting matter
rest-mass energy transformation into mechanical energy and
radiation, and the coefficients oy and or are responsible for
the conversion of these energy forms into gas heating. The
typical value is ag ~ 107> —10~* < 1 [250, 251], whereas the
value of o\ can be close to unity. This big difference between
ar and oy is the key property of the model being discussed.
The values of ey (ri1) and ¢g () are determined by the
accretion physics. We assume that at high accretion rates, the

radiation production efficiency is high (for example,
¢r ~ 0.1), but this efficiency decreases at lower accretion
rates. By contrast, the mechanical energy production effi-
ciency is high at low accretion rates and decreases at high
accretion rates (Fig. 28). At a qualitative level, this follows
from both theoretical accretion models (see, e.g., [252-254)),
and from observations of X-ray binaries in our Galaxy (see,
e.g., [255]) and active galactic nuclei (see, e.g., [236]).
Considering the huge difference between oy and og, such a
dependence of ey (71) and ¢eg (r2) on the mass accretion rate
implies that a given level of heating can be provided by two
totally different accretion regimes [249]. In the first, the
accretion rate is very high and the black hole luminosity is
close to the Eddington value; however, with ar < 1, only a
small fraction of this power is converted to gas heating. In the
second regime, the accretion rate is low, and the heating is due
to the higher value of oy;.

Schematically, the evolution of the system consisting of a
black hole and gas in a galaxy is shown in Fig. 28. At the
initial stage, insofar as the black hole mass is small, the system
is in a state in which the gas rapidly cools and the black hole
mass grows rapidly, with a large part of the black hole
accretion power is spent to radiation. At later stages, the
black hole switches to the regime with a low accretion rate,
and most of the accretion power is released as mechanical
energy (relativistic plasma flows), whereas the observed black
hole luminosity decreases by several orders of magnitude.
Here, due to the high heating efficiency by mechanical energy,
the gas cooling stops, and the galaxy transits to the passive
evolution stage without powerful star formation.

Of course, this is only a very rough description of
processes that determine the joint evolution of black holes
and the host galaxies. Numerical (semi-analytic) models
(e.g., those in [256, 257]) indicate that scenarios based on
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the high gas heating efficiency by the black-hole mechanical
power may provide a qualitative explanation of galaxy
evolution, but many details of this process remain unclear.
However, it is important that galaxy cluster research
provides us with the unique possibility of investigating the
physics of the interaction of black holes with the surround-
ing hot gas.

6. Conclusion

We have discussed only a few of the most important aspects of
galaxy cluster studies, which were in the sphere of the
scientific interests of Yakov Borisovich Zeldovich, from the
large-scale structure of the Universe and cosmology to
accretion onto black holes and gas dynamics.

Many issues remained beyond the scope of this review, but
what we have said is already sufficient to appreciate the
important role of galaxy clusters in modern astrophysics. In
recent decades, the clusters have become a powerful tool in
cosmological and plasma physics studies. They are observed
with the best ground-based and space telescopes. Clusters
have revealed the effects of supermassive black holes on the
thermodynamics of the surrounding gas; the obtained
conclusions were expanded to star formation process in
galaxies in general. At the same time, vast computational
resources are being allocated to model the formation and
evolution of galaxy clusters. It suffices to say that the number
of massive clusters ‘born’ in numerical simulations is several
orders of magnitude larger than the total number of clusters
in the observable part of the Universe.

Such is the current state of cluster astrophysics. The
nearest future promises a qualitative leap forward in a
number of directions. The Japanese X-ray observatory
Astro-H? (thanks to cryogenic bolometers used as X-ray
spectrographs with a resolution £/AE > 1000) will be able to
directly measure gas velocities in clusters, which will enable us
to resolve many issues in plasma physics and to improve
cluster mass measurements derived from the hydrostatic
equilibrium equation. The SRG observatory (a joint Rus-
sian—German project) will be able to discover all massive
clusters (with masses greater than ~ 3 x 10%M_) in the
observable Universe and provide cosmologists with the
‘ultimate’ cluster catalog for studying the dark energy
equation of state. Simultaneously, cluster observations
though the Sunyaev—Zeldovich effect with different instru-
ments (the Planck satellite, APT, ACT, CARMA,'® MUS-
TANG on GBT,'! BOLOCAM on JCMT.,!? and ALMA) will
allow independent (and jointly with SRG) studies of distant
clusters and the gas physics inside them.

Already now, the ALMA telescope of the European
Southern Observatory is conducting detailed observations
of the cold gas in cluster centers and soon will be able to
provide much new information on the complex physics of
star-formation processes and effects from supermassive black
holes. Massive optical surveys are underway, including the
infrared survey of the WISE satellite (Wide-field Infrared
Survey Explorer) and the newest radio sky surveys. Under
development is the new generation of X-ray observatories,
including Athena of the European Space Agency and

9 http://astro-h.isas.jaxa.jp/en/.

10 Combined Array for Research Millimeter-wave Astronomy.
I Green Bank Telescope.

12 James Clerk Maxwell Telescope.

SMART-X (Square Meter Arcsecond Resolution) in the
USA.

Undoubtedly, cluster astrophysics is in for a flourishing
period, in which ideas put forward by Yakov Borisovich
Zeldovich continue to play a key role.
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