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1. Introduction

The thermal plasma in the intergalactic and intracluster medium and at galactic scales leaves
imprints on the cosmic microwave background (CMB) through the Thomson scattering of CMB
photons on hot electrons (Sunyaev-Zeldovich effect) and the free-free emission. Since its original
formulation the Sunyaev-Zeldovich (SZ) effect has been recognized as a “powerful laboratory” for
our comprehension of physical processes in cosmic structures and to derive crucial information on
some general properties of the universe. The characterization of the free-free emission distortion
in many astrophysical and cosmological contexts may sufferof an intrinsic uncertainty because of
the relatively strong dependence of this effect on matter density, typically implying a certain model
dependence in the estimates of its amplitude. In spite of this, the theoretical predictions of several
models could be probed through new measures at radio and centimetre wavelengths.

After a discussion of the fundamental concepts (Sect. 2) andof some well established appli-
cations (Sect. 3) of the SZ effect towards galaxy clusters, Ifocus on dedicated themes related to
the SZ effect and other features in the CMB of particular interest in the view of the extremely high
angular resolution observations achievable in the future with the Square Kilometre Array (SKA)
(Sect. 3.3 and Sect. 4). In fact, although not specifically devoted to CMB studies, because of its
high resolution and the limited high frequency coverage, right the extreme sensitivity and resolu-
tion of SKA may be fruitfully used for a detailed mapping of these effects on dedicated sky areas.
The SKA highest frequencies (≃ 20− 30 GHz), that will be implemented during the third phase
of the project [39], are, of course, the most advantageous inparticular for the study of SZ effects
because of the steeper decrease of the synchrotron radio emission with the frequency.

For sake of conciseness, I avoid in this work to include figures as well as to repeat a complete
reporting of the derivations of some fundamental equations, focussing, on the contrary, to their
physical meaning. They are in fact available in the presentation uploaded at the School web site1

(you can also ask the presentation to the author). I will often refer in the following to the appropriate
presentation slide number.

2. Kompaneets equation and imprints on the CMB

Under general condition, the evolution of CMB photon occupation number,η(ν) (at the fre-
quencyν), which determines the CMB photon energy densityεCMB = 8πhP/c3∫

η(ν)ν3dν , is
described by the kinetic (Boltzmann) equation; herehP is the Planck constant andc the speed of
light. Various physical processes can contribute to the evolution of η . In many cosmological and
astrophysical contexts the Compton scattering is the most efficient interaction in the plasma able
to exchange energy between (baryonic) matter and radiation. From fundamental electromagnetism
concepts one can derive the Compton cross-section and the energy exchange between electron and
photon in a single scattering (see e.g. [80]; see slides 4–6). In the Thomson limit (ε/mec2 ≪ 1,
whereε is the photon energy before scattering andme the electron mass;mec2 ≃ 511 keV) the
photon energyε1 after scattering is not so different from the original one and the differential cross-
section is almost isotropic. From the energy-momentum conservation law in the electron rest frame
it is possible to derive the photon dimensionless energy,x1 = hPν1/kBTe, after scattering as function

1http://www.ira.inaf.it/∼school_loc/presentations/PDF/Carlo_Burigana.pdf
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of the photon dimensionless energy,x, before scattering, of the electron energy and momentum,
and of the photon directions before and after scattering; here Te is the electron temperature and
kB the Boltzmann constant. In general, in the electron rest frame, x1 < x, or, in other words, the
photon gives a fraction of its original energy to the electron. The conclusion is different passing to
the laboratory frame: in this case, because of Doppler effect, the photon energy can be increased
of decreased after the scattering, depending on the relevant electron and photon motion directions.
The number of scatterings per unit time depends on the electron density,ne, and on the photon (c~n)
and electron (~v) velocities

dN
dt

= σTnec[1− (~v/c) ·~n] ; (2.1)

hereσT is the Thomson cross-section andt is the time.
Averaging over an ensamble of electrons at a temperatureTe and using the semi-isotropy of

scattering holding in the Thomson limit, the average changeof the photon energy per unit time due
to the Doppler effect can be expressed by (see slide 6)

< dhν >

dt D
= σTnechPν

kBTe

mec2 . (2.2)

The kinetic equation describes asη(ν) changes because of the contribution from photons at
different frequencies and the migrations of photons from the frequencyν to frequencies different
from ν because of Compton scattering (see slide 8). It is general but at the same time very difficult
to solve. For this reason, various approximations of it havebeen proposed in the literature according
to the assumptions applicable to the considered astrophysical or cosmological context. The most
famous approximation has been derived by Kompaneets many years before its publication [51].
It is a second order approximation of the kinetic equation inthe dimensionless energy difference
∆ = x1−x in the Thomson limit for the differential cross-section andfor a Maxwellian distribution
of electrons (see slide 8). These two assumptions greatly simplify the second order serie expansion
allowing to identify two contributions to the time evolution of the photon occupation number,∂η

∂ t :
a secular shift term,∝ ∆, and a random walk term,∝ ∆2. Thanks to the semi-isotropy of the
Thomson differential cross-section the latter term can be easily computed directly (see slide 9).
The derivation of the secular shift term can instead be performed using the fundamental property
of scattering, i.e. the photon number conservation. It setsa constraint on the photon flux on a
spherical surface of the phase space at a given frequency,j(x), equivalent to the relation

1
x2

∂ j(x)
∂x

=
∂η
∂ t

. (2.3)

Since no products of the first and second derivative ofη with respect tox appear in∂η
∂ t , then ∂η

∂x

can appear only linearly in the functionj. In addition, at thermal equilibrium, when the CMB
spectrum is a blackbody (BB),j = 0 = ∂η

∂ t . This sets the form ofj(x) to be a product of a function

of η by an unknown functiong(x). ∂η
∂ t can be formally expressed by Eq. (2.3) and by the above

second order serie expansion. Therefore, when the random walk term is explicited, their equality
and, in particular, the equality between the coefficients infront of the first and second derivative of
η with respect tox allows to determine the form of the function g(x) and then theexpression of the
secular shift term (see slide 10). One then arrives to the Kompaneets equation (for the scattering
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Compton term alone). In cosmological context, it is important to note that the dimensionless photon
energyx = hPν/kBTe is in general not redshift invariant, depending on the redshift dependence of
Te. It is then more advantageous to introduce a different dimensionless photon energy defined by
x = hPν/[kBT0(1+ z)] where, independently of the exact form of the photon occupation number
at the present timet0, aBBT4

0 gives the present CMB energy density,εCMB,0, aBB being the BB
constant. It is useful to introduce a “nominal” CMB energy density εCMB = aBBT4

CMB ≃ 4.2×
10−13(1+ z)4ergcm−3, whereTCMB = T0(1+ z) is a “nominal” CMB temperature2. In this way,
x is redshift invariant (since alsoν scales as 1+ z during cosmic expansion). Adopting this last
choice ofx, the Kompaneets equation can be written as

∂η
∂ t

=

(

∂η
∂ t

)

C
=

1
φ

1
tC

1
x2

∂
∂x

[

x4
[

φ
∂η
∂x

+ η(1+ η)

]]

; (2.4)

heretC = mec2/[kBTe(neσTc)] is the gas cooling time by Thomson scattering andφ = Te/[T0(1+z)]
is a dimensionless electron temperature. Three terms can beidentified in Eq. (2.4): ordinary and
induced Compton scattering, respectively proportional toη and η2, that tend to move photons
towards low frequencies and inverse Compton scattering, the only one involving the second deriva-
tive of η , that tends to move photons towards high frequencies [22]. It is important to remember
that Eq. (2.4) needs to be coupled with the appropriate (differential equation describing the) time
evolution of the electron temperature (see slides 7 and 24) in order to avoid to introduce significant
errors [11] in its solution3.

At this point it is important to remember the limits of validity of this equation (see slide 12):
a large number of scatterings is assumed (otherwise it has nomeaning to compute averages); non
relativistic electrons and relatively soft photons are assumed; the photon occupation number shape
should be smooth (otherwise∂η

∂x could be much larger thanη , and so on for higher order derivatives,
and a serie expansion is no longer adequate). Finally, at least in this form, the Kompaneets equation
assumes isotropic distributions of electrons and photons.

Note that, in general, for a Bose-Einstein (and, obviously,also for the particular case of a
Planckian) distribution∂η

∂ t = 0 (see slide 15 for the fundamental properties of these distributions):
in other words, if there is enough time to allow a sufficient number of scatterings, under the action
of Compton scattering alone the photon occupation number tends towards a Bose-Einstein (BE)
distribution which then represents the (general) kinetic equilibrium solution. Typically, for CMB
photons, this condition is satisfied at high redshifts at least at high frequencies, where other radiative
processes are not so important. The chemical potential4 µ of the BE distribution is related to the
fractional energy exchange occurred between matter and radiation associated to the dissipation
process at the origin of the deviation from the full equilibrium BB spectrum [90, 22]:

µ ≃ 1.4∆ε/εi ; (2.5)

the case of small distortions (or small energy exchanges∆ε/εi ≪ 1, at least in the case of dissipa-
tion processes with negligible photon production) is considered here for simplicity;εi is the CMB

2“Nominal” refers here to the case in which the CMB energy density at any epoch scales simply as(1+z)4, i.e. in
the absence of energy exchanges on the cosmic plasma.

3The dependence of the Compton equilibrium electron temperature [71, 100] on integrals ofη increases the com-
putational complexity of the (numerical) solution of Eq. (2.4) [11].

4In this context, the dimensionless chemical potential is typically used.
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energy density before energy exchange. This result can be easily derived comparing the photon
energy density and number density of the original BB spectrum and of the distorted BE spectrum.
It is important to note that, observationally, COBE/FIRAS data set stringent limits to the amplitude
of spectral distortions at redshifts lower than≈ 106, while these limits are significantly relaxed at
earlier epochs [31, 81] (see slides 28–29 and 31). Atz >

∼ ztherm, ztherm being the thermalization
redshift (see slide 30) [11], the limits on∆ε/εi are set by the cosmological nucleosynthesis theory,
that, in order to explain chemical abundances, implies an early comoving photon energy density
not too far from the present one.

A very different solution can be found under two different assumptions. Ifφ ≫ 1 (hot elec-
trons) the inverse Compton term dominates over ordinary andinduced Compton terms. Neglecting
these two terms, the Kompaneets equation becomes equivalent to the heat diffusion equation (see
e.g. [95]) and admits an exact analytical solution described by a superposition of blackbodies
[101, 102]. Note that (see slide 16) for small deviations from an initial BB spectrum the Kom-
paneets equation is equivalent to the inverse Compton dominated case except for a further factor
(1− φi/φ) whereφi is the initial electron and (BB) radiation dimensionless temperature (corre-
sponding to a physical temperatureTi). A simple solution, the so-called Comptonization solution,
can be found in this case:

η(x,τ) ≃ ηi +u
x/φi exp(x/φi)

[exp(x/φi)−1]2

(

x/φi

tanh(x/2φi)
−4

)

, (2.6)

whereηi is the initial distribution function andu is the (evolving) Comptonization parameter (see
e.g. [12])

u(t) = u(z) =
∫ t

ti

φ −φi

φ
dt
tC

=
∫ 1+zi

1+z
(φ −φi)

(

kBTr

mec2

)

neσTtexp
d(1+z′)

1+z′
; (2.7)

heretexp= a/(da/dt) is the cosmic expansion time. Obviously, the case of hot electrons is directly
obtained from this equation in the limitφ ≫ φi . This formula is an excellent approximation of
the exact solution. By integratingu over the whole relevant energy dissipation phase one gets the
“usual” Comptonization parameter related to the whole fractional energy exchange by the well
known expression [101]

u≃ (1/4)∆ε/εi ; (2.8)

again, the case of small distortions is considered for simplicity in the above equation. This result
can be easily derived considering how the photon energy density changes because of the evolution
of η (see slide 13).
Note that in the Rayleigh-Jeans (RJ) region Eq. (2.6) predicts a lowering of the photon occupation
number (see slide 16) and of the brigthness temperature (seeslides 17). This effect decreases at
increasing frequency up to 217 GHz where it vanishes. Then, for a further frequency increasing
the formula predicts an increasing signal fractional excess with respect to the original BB. In other
words, inverse Compton scattering tends to create a photon distribution with more (respec. less)
high (respec. low) frequency photons than those of the original BB. In cosmological context this
kind of departure from a BB (i.e. of CMB spectral distortion)is expected at relatively late epochs
(at early ones there is time enough to achieve the kinetic equilibrium) in the presence of a diffuse
medium at temperature larger than that of the CMB (Tmatter = Te > T0(1+ z); see slides 32–33),

5
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but also under many physical conditions (see e.g. [22]). Note that, at least in principle, a cooling
process (Tmatter = Te < T0(1+ z)) could produce a negative Comptonization distortion [88] (see
slides 32 and 36). A remarkable example5 of (positive) Comptonization distortion is that associated
to the cosmological reionization that affects the CMB both in anisotropies at large and small scales
and in the spectrum (see slide 81; see [21]; see also Sect. 4.3). For instance, the reionization
redshift (see slide 82) identified by the NASAWilkinson Microwave Anisotropy Probe6 (WMAP)
satellite 3-yr data is consistent with minimal reionization models [82] predicting a Comptonization
distortion with∆ε/εi ≃ 4u≈ 4−7×10−7 [15].

At low frequencies, other radiative processes can not be neglected and the corresponding terms
have to be included in the (complete) Kompaneets equation:

∂η
∂ t

=

(

∂η
∂ t

)

Λ
+

(

∂η
∂ t

)

Γ
= ∑Λi +∑Γi ; (2.9)

here ∑Λi takes into account processes that does not change the photonnumber (typically, the
Compton scattering) and∑Γi takes into account photon production/absorption processes (see slides
20–22).
Three mechanisms certainly operate in the cosmic plasma: bremsstrahlung (BR) or free-free (FF)
[46, 80], double (or radiative) Compton (DC) [34], and cyclotron (CE) emission. Recently, [103]
demonstrated that, for realistic values of cosmic magneticfield, the cyclotron process never plays
an important role for (global) CMB spectral distortions when ordinary and stimulated emission
and absorption are properly taken into account and CMB realistic distorted spectra, as discussed
in the following, are considered. In fact, the cyclotron term may be significant, in the case of
deviations ofη from the BB distribution at the electron temperature, only at very long wavelengths,
corresponding to the cyclotron frequency, where, during the formation of a spectral distortion, FF
and DC are able to keepη extremely close to the BB equilibrium. These processes are in fact
very efficient at long wavelengths because of their≈ x−3 dependence. So, at high redshifts the
BE solution needs to be modified introducing a frequency dependence in the chemical potential,
µ = µ(x), which vanishes at very long wavelengths [90, 23]. The resulting spectrum (see slide 25)
has then a minimum in equivalent thermodynamic temperature7, Tth, at a wavelength depending
on the baryon density [23, 11]. Note that DC (respec. FF) is more important that FF (respec.
DC) at high (respec. low) redshifts (z higher (respec. lower) than≈ 105). In general, if there is
enough time, the long wavelength photon production by DC andFF combined to the shifting of

5In the past, before of its explanation in terms of integratedcontribution by discrete sources, the cosmic X-ray
background (see slide 34) has been interpreted in terms of bremsstrahlung radiation by hot diffuse medium. In this
framework, a substantial CMB Comptonization distortion was predicted, but right the stringent upper limit to this kind
of CMB distortion posed by COBE/FIRAS sets the most stringent upper limit to the fraction of cosmic X-ray background
that could be produced by diffuse hot gas (see slide 35).

6http://lambda.gsfc.nasa.gov/product/map/current/
7Tth is defined as the temperature of a BB with the sameη(ν) as that under consideration, i.e. such thatη(ν) =

1/[exp(hPν/(kBTth(ν)))− 1]. Only for η = ηBB, Tth is independent ofν, while for an arbitrary photon occupation
numberTth is frequency dependent,Tth = Tth(ν). In the followingTth will be called also brightness temperature and
denoted byTbr. Note that the brightness temperature,Tbr, is often used in the literature also with the meaning of antenna
temperatureTant, defined as the temperature of a BB with the sameη(ν) as that under consideration but in the RJ limit,
i.e. η(ν) = 1/[hPν/(kBTant(ν)]. Obviously,Tant ≃ Tth in the RJ limit.

6
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produced photon to higher frequencies thanks to Compton scattering tends to reduce the amplitude
of a possible early spectral distortion, being at limit ableto fully re-establish a BB (see slides
28–31), i.e. to thermalize the CMB spectrum [11].

The BE and Comptonization like distortions discussed above(properly modified with respect
to the pure BE and Comptonization distributions because of the effect of DC and FF) describe
distorted spectra at early and late epochs, respectively (see slide 18). For processing possibly
occurred at intermediate epochs a distorted spectral shapeintermediate between these two cases
is predicted (see slide 26). In particular, for processes atrelatively late epochs a plateau (inTth)
is produced in the RJ region, with a brigtness temperature decrement related also to the process
epoch8 [12] (see slide 26, panel b).

At relatively low redshifts, FF, instead of thermalizing the spectrum to a BB at the electron
temperature (this is achieved in any case at extremely low frequencies), can produce the so-called
free-free (low frequency) distortion [12]. It is easy to verify (see slide 23) that, in the RJ region, the
x−3 dependence of FF and the weak frequency dependence of the FF Gaunt factor implies a frac-
tional increase of the equivalent thermodynamic temperature almost proportional tox−2, character-
ized in amplitude by a simple parameter, the so-called FF distortion parameter,yB. A remarkable
excess can be produced at centimetre and decimetre wavelengths (see slide 33) – or, in principle, a
decrement in the case of cooling processes (i.e. negative distortions; see slide 36).

3. Thermal and kinetic SZ effect towards galaxy clusters

The Comptonization solution described in the previous section is at the basis of the well known
(thermal) SZ effect. The form of Eqs. (2.6) and (2.7) are appropriate to the case of CMB global
distortions, but it easy to rewrite these equations in the case of the interaction of CMB photon
with hot gas in a cluster of galaxies (or in a primeval halo or,at smaller scales, in the hot medium
surrounding a galaxy). It is enough to replace the integral in necdt over the relevant cosmic time
with an integral innedl over the cluster along the line of sight in Eq. (2.7) (see slide 37).

The SZ effect due to the scattering of CMB photons with hot electrons in galaxies and clusters
of galaxies is typically expressed in terms of a frequency dependent change in the CMB brightness
(see slides 39–40). If the hot electron gas is globally at rest with respect to the observer, only the
thermal SZ effect [91] (see also [78]) will be present; differently, a bulk peculiar motion,Vr , of the
hot electron gas produces a kinetic SZ effect (see slide 38).In the RJ region the first effect produces
a decrement of the surface brightness,∆Ith, towards the cluster. The second effect produces either
a decrement or an increment,∆Ik, depending on the direction of the cluster velocity with respect to
the observer. Neglecting relativistic corrections:

∆Ith = I0yg(x) (3.1)

and

∆Ik = −I0(Vr/c)τeh(x) , (3.2)

8It can be formally derived with a further approximation of the Kompaneets equation in terms of small deviations
from the Comptonization spectrum.

7
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whereI0 = (2hP/c2)(kBTCMB/hP)3. Here

τe =

∫

neσTdl (3.3)

and

y =
∫

(kBTe/mec
2)neσTdl (3.4)

are respectively the Thomson optical depth and the Comptonization parameter9 [101] integrated
over the cluster along the line of sight and

h(x) = x4ex/(ex−1)2 (3.5)

g(x) = h(x)[x(ex +1)/(ex−1)−4] . (3.6)

The two effects have a different frequency dependence that in principle allows their separation
through multi-frequency observations (see slides 41–42).SKA observations in the RJ regime
(whereh(x) ∼ g(x) → x2) can be combined with millimetric observations. In particular, g(x) ≃ 0
andh(x) is maximum at∼ 217 GHz, a frequency that, exactly for this reason, is typically included
in SZ multifrequency observations at millimetre wavelengths. Accurate measures of the kinetic
SZ effect can provide a crucial cosmological information oncluster velocity field (see e.g. [5] for
results achieved with SuZIE II).

3.1 Treatments of the thermal SZ effect beyond the Kompaneets approximation

The above treatment of the SZ effect is based on the Kompaneets equation and obvioulsy
assumes the same hypotheses (or work conditions).

Two main lines have been followed to overcome the limits of validity of this formalism. From
one side one can search for solutions more appropriate to thecase of a small number of scatterings
between CMB photons and electrons, possibly including (at least to a given order) the Klein-
Nishina correction to the classical Thomson scattering cross-section [99, 29]. From the other side,
it is interesting to search for approximations of the kinetic equation not only up to the second
order but up to a higher order, necessary to treat the relativistic case [42]. These approaches are
physically motivated on the basis of the high electron temperatures often achieved in clusters of
galaxies10 and/or by small values of the optical depth (see Eq. (3.3)).

The general properties of the solutions found using these treatments are not so different from
those predicted by the original SZ treatment. See slide 35 for an application of the method described
in [29]: note the slightly steeper behaviour at high frequencies found in this case. See slide 44 for a
comparison between non-relativistic and relativistic approximations [79]: note how the difference,
clearly appreciable at high frequencies, is not so criticalin the RJ region (relevant for SKA). Note
also that only a small shift of the frequency of vanishing effect with respect to the non relativistic
case (217 GHz) is predicted.

9I prefer to use here the symbolu for the “global” Comptonization parameter of a CMB distorted spectrum and the
symboly for the “local” Comptonization parameter characterizing the SZ effect.

10Or for a diffuse very hot gas – see also footnote 3.
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3.2 Some cosmological applications of SZ effect towards galaxy clusters

The exploitation of the cosmological applications and implications of the SZ effect towards
galaxy clusters has received a large attention from both thetheoretical and the observational point of
view. The reader could refer for example to [58] (and references therein) for exhaustive discussions
(see slide 57). I report here on three interesting examples.

3.2.1 Hubble constant determination

As well known, one of the most remarkable difficulties in the accurate measure of the Hubble
constant,H0 = [(da/dt)/a]0 (see e.g. [97]), which determines the universe expansion rate at the
present time, has been represented for a long time by the necessity to precisely calibrate various
kinds of “standard candles”. So, some attempts have been dedicated to find methods able to mea-
sureH0 (as well as other cosmological parameters) circumventing this (or other) difficulty(ies). An
interesting solution has been proposed in the ’70 by [19, 36,86, 20] (see also [67]). It involves the
combination of X-ray and radio observations towards cluster of galaxies (see slides 46–48). The
different dependence of bremsstrahlung, responsible of the cluster X-ray emission, and of SZ effect
(namely the decrement of the brigthness temperature in the RJ region) towards the cluster on the
relevant physical and geometrical parameters allows to derive a simple expression for the cluster
luminosity distance in terms of ratio between the square of the brigthness temperature decrement
in the RJ region and the X-ray brightness, of cluster electron temperature, cluster (angular) core
radius, and cluster redshift. Note that these quantities are, in principle, measurable. Therefore, a
comparison with the usual Hubble expression for the luminosity distance (see slide 48) allows to
directly deriveH0. A certain degradation of the reliability of this method comes from the complex-
ity of the geometrical and physical properties of clusters (see e.g. slide 49). For example, different
baryonic physics results into noticeable differences in the surface distributions and in the profiles
of the X-ray brightness, projected temperature, and Comptonization parameter, particularly for the
inner cluster regions [62] (see slide 50). Another remarkable difficulty of the method and, in gen-
eral, of cluster modelling, is represented by the presence of radio sources in the cluster that, with
their surface density distribution different from that of control fields, can affect the signal due to
the “pure” SZ effect, a problem recently addressed by [55] (see slides 51–52).

Only recently, accumulating an increasing number of clusters, this method to measureH0 starts
to provide reliable results [18]. In spite of the above difficulties, the large increasing of number
of clusters that will be possible to consider in the next future (see Sect. 3.3) and the continuous
improvement in the observation and physical modelling of clusters, will make this method very
interesting at least for an almost independent cross-checkof the results achievable through other
measurements, first of all from the CMB anisotropy.

3.2.2 Determination of cosmological parameters through statistical approaches

The Hubble constant is only one of the parameters that determine the “background”11 evo-
lution of the universe, while other parameters characterize the dishomogeneity properties of the

11“Background” is used here to denote the global properties ofa (“virtual”) perfectly isotropic and homogeneous
universe with all (“virtual”) galaxies following the pure Hubble expansion flow.
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universe related to the formation and evolution of cosmic structures. On the other hand, the “back-
ground” evolution of the universe plays a crucial role also for the structure formation process.
Therefore, the study of the correlation properties of such dishomogeneities provides information
on the cosmological parameters originally introduced to characterize the “background” properties
of the universe.

Likely, the most useful (and used) statistical estimator ofsuch dishomogeneities projected on
the celestial sphere is their angular power spectrum,Cℓ, as function of the multipole12, ℓ, that,
observationally, is a simple transform of the angular (auto)correlation function [69]. For Gaus-
sian distributions, they completely describe the statistical properties of the fluctuation field. From
the astrophysical side,Cℓ is related to the redshift dependent mass function and profile of clus-
ters. Different models for the mass function and for characterizing the physical profile of clusters
imply different shape and amplitude ofCℓ (see slide 53). In particular, it takes memory of some
cosmological parameters, such as the density contrast (i.e. the linear theory amplitude of matter
fluctuations),σ8, at a characteristic scale (typically, 8h−1 Mpc) and the global matter density (see
[79, 2] and reference therein); hereh is the Hubble constant in units of 100 kms−1Mpc−1. So,
the comparison between the observed and the theoretically predicted cluster distribution allows to
determine such parameters or can be used with other cosmological data to remove the degeneracy
in the determination of some cosmological parameters, existing using a single kind of observables
(see e.g. [8, 9, 28]), such as the cosmological constant (or dark energy) and the matter (baryonic
plus dark matter) density parameters (see slides 54–55).

3.2.3 The SZ effect as a foreground for CMB studies

Recently, a spectacular improvement in the assessment of cosmological models and in the de-
termination of the cosmological parameters has been achieved thanks to the precise mapping of
CMB anisotropies through balloon-borne, ground-based, and, in particular, space experiments (see
e.g. [6], and references therein, for a review on pre-WMAP observational results). WMAP mea-
sured CMB anisotropies on the whole sky in both total intensity (or temperature, see 1-yr results
[4]) and polarization (see the 3-yr results [43, 66]) Stokesparameters. A substantial improvement
is expected in the next years from the forthcoming ESAPlanck13 satellite [53, 76, 75].

The SZ effect from the ensamble of the clusters at various redshifts and sky positions consti-
tutes a source of foreground for these projects, particularly remarkable at small scales (or largeℓ).
The SZ effects towards the brightest clusters can be directly identified on the CMB anisotropy maps
and can be subtracted almost accurately from the fluctuationmap during data analysis. On the con-
trary, those below a certain threshold can not be extracted from the fluctation field and contribute
to the overall angular power spectrum (see slide 56) [38, 27]. Therefore, the contribution of SZ ef-
fect from clusters to the overallCℓ needs to be accurately modelled and subtracted to extract theCℓ

corresponding primary CMB fluctuations. These tasks, already carried out in the WMAP data anal-
ysis, are more relevant, and complex, in the case of the nextPlanckdata analysis since it is aimed
at measuring the CMBCℓ at significantly higher multipoles. Clearly, thePlanckwide frequency
coverage, from 30 GHz to 857 GHz, i.e. at frequencies both below and above≃ 217 GHz where the

12The multipoleℓ is almost inversely proportional to the angular scale,ℓ ≃ 180/θ (◦).
13http://www.rssd.esa.int/planck
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SZ effect vanishes, will allow to detect both the decrement and the excess of the CMB brightness
temperature. This will greatly help the identification of this source of foreground, providing at the
same time a rich information on cluster physics (see also thenext section).

3.3 SKA perspectives

Many thousands of galaxy clusters can be identified on the whole sky by XMM (∼ 103),
Planck (∼ 5000), and SDSS (∼ 5105). The typical angular sizes of galaxy clusters range from
∼ arcmin to few tens of arcmin.

The SKA sensitivity and resolution mainly depends on the used array collecting area (see
slides 60–63). By considering a frequency band of≃ 4 GHz at 20 GHz, the whole instrument
collecting area will allow to reach a (rms) sensitivity of≃ 40 nJy in one hour of integration with
an angular resolution of≃ 1 mas (considering≃ 3000 km maximum baseline). By using only
about 50% of the collecting area within≃ 5 km, the (rms) sensitivity in one hour of integration is
≃ 80 nJy with a resolution of≃ 0.6′′ [39, 13].

The major role on the study of the SZ effects towards galaxy clusters will be obviously played
by dedicated telescopes operating at≃ arcmin resolutions with frequency coverages up to≃ milli-
metric wavelengths [44] and, at higher resolutions, by ALMA14. On the other hand, with the 50%
of the SKA collecting area it will be possible to accurately map the SZ effect [89] of each consid-
ered cluster, particularly at moderately high redshifts, with the unprecedented precise subtraction
of discrete radio sources achievable with SKA. The combination with accurate X-ray images of the
cluster bremsstrahlung emission will allow to accurately map the thermal and density structure of
the gas in galaxy clusters, thanks to the different dependences of these two effects on matter den-
sity and temperature. Of particular interest in this respect will be the observations expected by the
wide field imager (WFI) on board the X-ray Evolving Universe Spectroscopy (XEUS) satellite15,
recently selected by ESA as new candidate for possible future scientific missions16, designed to
reach a resolution of 0.25′′ on a FOV of 5′−10′ (see slides 64–67).

As mentioned above, it is also possible to study the SZ effect(both thermal and kinetic) from
clusters in a statistical sense, namely through its contribution to the angular power spectrum of
the CMB secondary anisotropies (see slides 68–70; see also Appendix A in [13]). This topic has
been investigated in several papers (see, e.g., [65, 96, 33,87, 26, 52]). At sub-arcmin scales (i.e.
at multipolesℓ >

∼ 104) secondary anisotropies from thermal (more important atℓ <
∼ few×104) and

kinetic (more important atℓ >
∼ few×104) SZ effect dominate over CMB primary anisotropy (see

slide 78) whose power significantly decreases at multipolesℓ >
∼ 103 because of photon diffusion

(Silk damping effect [85]). Their angular power spectrum atℓ ∼ 104 − 105 (≈ 10−12− 10−13

in terms of dimensionlessCℓℓ(2ℓ+ 1)/4π) could be in principle investigated with the sensitivity
achievable with SKA (see slides 71–77; see [47] and AppendixA in [13]). On the other hand, at
the SKA resolution and sensitivity the contribution to fluctuations from foreground sources (both
diffuse radio emission, SZ effects, and free-free emitters) at galaxy scales likely dominates over
the SZ effect from clusters (see slides 79–80).

14http://www.alma.cl/
15http://sci.esa.int/science-e/www/area/index.cfm?fareaid=25
16http://sci.esa.int/science-e/www/area/index.cfm?fareaid=100
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4. Imprints on the CMB at small scales: perspectives from theSKA

In the view of the extreme resolution of the SKA, it is naturalto expect that it will provide
a particular improvement for our understanding of astrophysical processes able to produce SZ
effect or other signatures in the CMB at very small angular scales. I will report here on three
specific topics, from lower to higher redshifts, of particular interest for extragalactic astrophysics
and cosmology, properly revised in the context of the SKA scientific case [13] and updated in some
cases to account for WMAP 3-yr results and recent analyses.

4.1 Thermal SZ effect at galaxy scale

The proto-galactic gas is expected to have a large thermal energy content, leading to a de-
tectable SZ signal, both when the protogalaxy collapses with the gas shock-heated to the virial
temperature [77, 98], and in a later phase as the result of strong feedback from a flaring active
nucleus (see slide 83; see, e.g., [41, 59, 60, 1, 72, 45]. The astrophysical implications of these
scenarios have been investigated by [25].

A fully ionized gas with a thermal energy densityεgaswithin the virial radius

Rvir =

(

3Mvir

4πρvir

)1/3

≃ 1.6102h−2/3(1+zvir)
−1

(

Mvir
1012M⊙

)1/3
kpc

transfers to the CMB an amount∆ε ≃ (εgas/tC)2(Rvir/c) of thermal energy through Thomson
scattering producing a Comptonization parameter [101]y ≃ (1/4)∆ε/εCMB (see slide 84). Here
ρvir ≃ 200ρu, ρu = 1.88×10−29h2(1+zvir)

3 gcm−3 is the mean density of the universe at the viri-
alization redshiftzvir .

Assuming the binding energy (Eb,gas = Mgasv2
vir , vvir = 162h1/3(1+ z)1/2(Mvir/1012M⊙)1/3

km s−1 being the circular velocity of the galaxy at its virial radius [61, 10]) to characterize the
thermal energy content of the gas,Egas, the amplitude of the SZ dip observable in the RJ region17

can be written as (see slide 85):

|∆T|RJ = 2yT0 ≃ 1.7

(

h
0.5

)2(

1+zvir

3.5

)3 Mgas/Mvir

0.1
Mvir

1012M⊙

Egas

Eb,gas
µK .

This SZ effect shows up on small (typically sub-arcmin) angular scales.

Quasar-driven blast-waves could inject into the ISM an amount of energy several times higher
than the gas binding energy, thus producing larger, if much rarer, SZ signals. A black-hole (BH)
accreting a massMBH with a mass to radiation conversion efficiencyεBH releases an energyEBH =

εBHMBHc2. The standard value for the efficiencyεBH = 0.1 and a fractionfh = 0.1 for the energy
fed in kinetic form and generating strong shocks turning it into heat (see slide 85) are assumed here
for numerical estimates.

17Note that|∆T|RJ≃ 2uT0 or |∆T|RJ≃ 3uT0 respectively when∆TRJ = TRJ−Ti,0 or ∆TRJ = TRJ−T0 is considered
(see slide 17), beingTi,0 < T0 in the presence of a global heating process. This consideration applies to the case of
CMB global Comptonization distortions. In this context, since we are considering a (local) SZ effect characterized by a
Comptonization parametery, with fully negligible global energy exchange,|∆T|RJ≃ 2yT0.
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Using the recent re-assessment by [94] of the well known correlation between the BH mass
and the stellar velocity dispersion,MBH = 1.4×108 (σ/200km/s)4 M⊙ , one gets

EBH

Eb,gas
≃ 4.7

(

h
0.5

)−2/3 εBH

0.1
fh

0.1
1+zvir

3.5

(

Mgas/Mvir

0.1

)−1(

Mvir

1012M⊙

)−1/3

. (4.1)

The amplitude of the SZ dip in the RJ region due to quasar heating of the gas is then estimated as
(see slide 86):

∣

∣

∣

∣

(

∆T
T

)

RJ

∣

∣

∣

∣

≃ 1.8×10−5 fh
0.1

(

h
0.5

)2
(εBH

0.1

)1/2
(

EBH

1062

)1/2(

1+z
3.5

)3

. (4.2)

Following [72], an isothermal density profile of the galaxy is adopted. The virial radius, encom-
passing a mean density of 200ρu, is then:

Rvir ≃ 120

(

h
0.5

)−1(

EBH

1062

)1/4
(εBH

0.1

)−1/4
(

1+zvir

3.5

)−3/2

kpc, (4.3)

corresponding to an angular radius:

θSZ≃ 17′′
(

EBH

1062

)1/4
(εBH

0.1

)−1/4
(

1+zvir

3.5

)−3/2 dA(2.5)

dA(z)
, (4.4)

wheredA(z) is the angular diameter distance.
The angular scales of these SZ signals from galaxies are of the order of≈ 10′′, then of partic-

ular interest for a detailed mapping with the SKA and XEUS in the radio and X-ray, respectively
(see slide 87). The probability of observing these SZ sources on a given sky field at a certain flux
detection level and the corresponding fluctuations are mainly determined by the redshift dependent
source number densityφSZ(SSZ,z) per unit interval of the SZ (decrement) fluxSSZ. The lifetime of
the considered SZ sources is crucial to determine their number density (see slide 88).

For quasar-driven blast-waves the lifetime of the active phase,tSZ, is approximately equal to
the time for the shock to reach the outer boundary of the host galaxy. Assuming a self-similar
blast-wave expanding in a medium with an isothermal densityprofile,ρ ∝ r−2, one gets:

tSZ ≃ 1.5×108
(

h
0.5

)−3/2(

EBH

1062erg

)1/8
(εBH

0.1

)−5/8
(

fh
0.1

)−1/2(

1+z
3.5

)−9/4

yr . (4.5)

The evolving B-band luminosity function of quasars,φ(LB,z), (see e.g. [70]) can be then
adopted to derive the source number densityφSZ(SSZ,z) according to

φSZ(SSZ,z) = φ(LB,z)
tSZ

tq,opt

dLB

dSSZ
, (4.6)

whereLB(SSZ,z) is the blue luminosity of a quasar at redshiftz causing a (negative) SZ fluxSSZ,
andtq,opt is the duration of the optically bright phase of the quasar evolution (see slide 89).

For the proto-galactic gastSZ should be replaced by the gas cooling time,tcool. Assuming that
quasars can be used as effective signposts for massive spheroidal galaxies in their early evolution-
ary phases [35] and that they emit at the Eddington limit and using the relation by [30] between
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the mass of the dark-matter halo,Mvir , and the mass of the central black-hole,MBH/108M⊙ ∼

0.1(Mvir/1012M⊙)1.65, the number density of sources with gas at virial temperature can be straight-
forwardly related to the quasar luminosity functionφ(LB,z) (see slide 90).

In spite of the many uncertainties of these models, it is remarkable that the CMB fluctuations
(dominated at small scales by the Poisson contribution) induced by the SZ effect of these source
populations could contribute to the CBI [54] anisotropy measure and, in particular, could contribute
to explain part of the excess in the angular power spectrum found by BIMA [24] at multipoles
ℓ ≈ (4− 10)× 103 (see slide 91), a certain fraction of it being likely produced by high-redshift
dusty galaxies, whose fluctuations may be strongly enhancedby the effect of clustering [93].

Also, the integrated Comptonization distortion produced by quasar-driven blast-waves has
been computed by [72] through a quite general “energetic” approach, not particularly related to a
detailed physical assumption: they foundu∼ 2.4×10−6.

A direct probe of these models and, possibly, their accurateknowledge through a precise high
resolution imaging is then of particular interest. Slide 92shows the number counts at 20 GHz
predicted by these models: in a single SKA FOV about few×102 −103 SZ sources with fluxes
above∼ 100 nJy could be then observed in few hours of integration. Given the typical source
sizes, we expect a blend of sources in the SKA FOV at these sensitivity levels, while much shorter
integration times,∼ sec, on many FOV would allow to obtain much larger maps with a significant
smaller number of resolved SZ sources per FOV. Both surveys on relatively wide sky areas and
deep exposures on limited numbers of FOV are interesting andeasily obtainable with SKA (see
slide 93).

A different scenario to jointly explain the power excess found by BIMA and the high redshift
reionization detected by WMAP 1-yr data [50] (zreion ∼ 15−20) was proposed by [64] (see slide
94). It involves hot gas winds powered by pair-instability supernovae (SN) explosions from the
first generation of very massive stars at very low metallicity able to photoevaporate the gas in the
halo potential. The SN remnants should then dissipate theirenergy in the intergalactic medium
(IGM) and about 30-100% of their energy would be transferredto the CMB via Compton cooling.
However, the resulting SZ effect from individual sources isestimated to be too faint (corresponding
to ≈ few×10−2 nJy) to be observable even by SKA. On the contrary, the resulting SZ effect from
these sources could be relevant in statistical sense. It is claimed to explain the highℓ BIMA excess
of the CMB angular power spectrum and to be able to generate a global Comptonization distortion
parameteru ∼ few× 10−6 (on the other hand, a certain decrease of its effect with respect to this
picture could be expected in the light of the lowering of the reionization redshift as revised by
WMAP 3-yr data).

4.2 Free-free emitters

The understanding of the ionizing emissivity of collapsed objects and the degree of gas clump-
ing is crucial for reionization models. The observation of diffuse gas and Population III objects in
thermal bremsstrahlung as a direct probe of these quantities has been investigated by [63]. Free-
free emission produces both global and localized spectral distortion of the CMB (see slide 95).
A natural way to distinguish between free-free distortion by ionized halos rather than by diffuse
ionized IGM is represented by observations at high resolution of dedicated sky areas and by the
fluctuations in the free-free background. In the model by [63] halos collapse and form a starburst
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lastingto = 107 yr, then recombine and no longer contribute to the free-freebackground. By adopt-
ing a Press-Schechter model [74, 7] for the number density ofcollapsed halos per mass interval,
dnPS/dM, [63] exploited the expression by [84] for the collapse rateof halos per mass interval per
unit comoving volume (see slide 96):

dṄ f orm

dM
(M,z) =

1
D

dD
dt

dnPS

dM
(M,z)

δ 2
c

σ2(M)D2 ; (4.7)

hereD(z) is the growth factor andδc = 1.7 is the threshold above which mass fluctuations collapse.
The expected comoving number density of ionized halos in a given flux interval as a function of
redshift

dNhalo

dSdV
(S,z) =

∫ t(z)−to

t(z)
dt

dṄ f orm

dM
dM
dS

(4.8)

can be then computed given the expected flux from a halo of massM at redshiftz, S= S(M,z),
and the starburst duration,to. Adopting a cut-off mass for a halo (see slide 97) to be ionized of
M∗ = 108(1+ z/10)−3/2M⊙ (the critical mass needed to attain a virial temperature of 104 K to
excite atomic hydrogen cooling), [63] computed the number counts of sources above the flux limit
Sc from the zeroth moment of the intensity distribution moments due to sources above a redshift
zmin,

〈Sn(> zmin,Sc)〉 =

∫ ∞

zmin

dz
∫ Smax

Smin(z)
dS

dNhalo

dSdV
dV

dzdΩ
Sn , (4.9)

by settingSmax→ ∞ and Smin(z) = max(Sc,S∗(z)), whereS∗(z) denotes the flux from a halo of
minimum massM∗ at redshiftz.

The relationṄrecomb= αB〈n2
e〉V ≈ (1− fesc)Ṅion , between the production rate of recombi-

nation line photons,Ṅrecomb, and the production rate of ionizing photons,Ṅion, (hereαB is the
recombination coefficient andfesc (≈ some%) is the escape fraction for ionizing photons) im-
plies that the source luminosities in Hα and free-free emission (∝ n2

eV) are proportional to the
production rate of ionizing photons (see slide 98). Over a wide range of nebulosity conditions
[40] found that≃ 0.45 Hα photons are emitted per Lyman continuum photon; thus L(Hα) =

1.4× 1041Ṅion/(1053phs−1)ergs−1. Given the free-free volume emissivity [80] in the case of an
approximate mild temperature dependence with a power law (avelocity averaged Gaunt factor
ḡf f = 4.7 is assumed),εν = 3.2×10−39n2

e(T/104K)−0.35 ergs−1 cm−3Hz−1 , it is found

L f f
ν = 1.2×1027 Ṅion

1053phs−1 ergs−1 Hz−1 . (4.10)

Assuming the starburst model of [37] normalised to the observed metallicity 10−3Z⊙≤Z≤ 10−2Z⊙

of the IGM atz∼ 3 (resulting into a constant fraction of the gas mass turninginto stars, 1.7%≤

fstar ≤ 17%, in a starburst which fades after∼ 107 yr), [63] derived a production rate of ionizing
photons as a function of halo mass given by (see slide 99):

Ṅion(M) = 2×1053 fstar

0.17
M

109M⊙
phs−1 , (4.11)
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which specifies the above free-free ionized halo luminosity. The corresponding flux is then:

Sff =
Lff

ν
4πd2

L

(1+z) ≈ 2.5

(

1+z
10

)−1 M
109M⊙

(

T
104 K

)−0.35

nJy. (4.12)

Clearly, SKA will allow to detect only bright sources with deep exposures. The ionized halo
number counts can be calculated from Eq. (4.9). The result by[63] is reported in slide 100 (and
compared with [68]): SKA should be able to detect∼ 104 individual free-free emission sources
with z> 5 in 1 square degree above a source detection threshold of 70 nJy. The redshift information
from the Balmer line emission detectable by the Next Generation Space Telescope (NGST) can be
used to discriminate ionized halos from other classes of radio sources.

Ionized halos may contribute to the temperature fluctuations. In particular, the Poisson con-
tribution is predicted to be larger (smaller) than the clustering one at scales smaller (larger) than
∼ 30′′ [63]. On the other hand, both are likely dominated by the radio source contribution.

Finally, the integrated emission from ionized halos produces a global CMB spectral distortion,
∆Tf f = c2〈S〉/2kBν2, that can be computed from the mean sky averaged signal〈S〉 (see slide 101).
By using Eq. (4.9) (since no point source removal is feasibleat degree scales) withzmin andSc =

0, [63] found a free-free distortion∆Tf f = 3.4× 10−3 K at 2 GHz, corresponding to a free-free
distortion parameteryB ≃ 1.5×10−6, well within the observational capability of a next generation
of CMB spectrum experiments at long wavelengths (see next section).

4.3 SKA contribution to future CMB spectrum experiments

The current limits on CMB spectral distortions and the constraints on energy dissipation pro-
cesses|∆ε/εi| <

∼ 10−4 in the plasma [81] are mainly set by COBE/FIRAS [56, 31] (see slides
102–104). CMB spectrum experiments from space, DIMES [48] (see also [49]) atλ >

∼ 1 cm and
FIRAS II [32] at λ <

∼ 1 cm, have been proposed with an accuracy potentially able toconstrain (or
probably detect) energy exchanges 10–100 times smaller than the FIRAS upper limits (see slide
105). Also, a promising opportunity in this respect is represented by the recent renaissance of in-
terest for the Moon as a base for extremely accurate observations of the universe. Slides 111–113
display some of the fundamental ideas for a CMB spectrum experiment at long wavelengths, pro-
posed in a recent study for ASI, that forsee an ultimate huge experiment at centimetre and decimetre
wavelengths anticipated by precursor experiments at centimetre wavelengths, able to significantly
improve the current observational scenario [17].

Long wavelength experiments may probe in particular dissipation processes at early times
(z >
∼ 105) resulting in Bose-Einstein like distortions [90, 23, 11] and free-free distortions [3] possi-

bly generated by heating (but, although disfavoured by WMAP, in principle also by cooling [88])
mechanisms at late epochs (z <

∼ 104), before or after the recombination era [16].
Typical shapes of distorted spectra potentially detectable with new experiments are shown in

slide 108 while slides 109 and 110 display the possible improvements in our understanding of the
energy exchange in the primeval plasma respectively in the absence and in the presence of detec-
tion of spectral distortions. To firmly observe such small distortions the Galactic and extragalactic
foreground contribution should be accurately modelled andsubtracted (see slide 114). Recent
progress on radio source counts at 1.4 GHz have been presented in [73]. On the other hand, the
very faint tail of radio source counts is essentially unexplored and their contribution to the radio
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background at very low brightness temperature is not accurately known (see slide 114). For illus-
tration, by assuming differential source number counts,N(S), given by logN(S)/∆N0 ∼ alogS+b,
with ∆N0 ∼ 150S−2.5 sr−1 Jy−1 (S in Jy) [92], fora∼ 0.4−0.6 andb∼−(0.5−1), one derives a
contribution to the radio background at 5 GHz from sources between∼ 1 nJy and∼ 1µJy between
few tens ofµK and few mK (see slide 115). These signals are clearly negligible compared to the
accuracy of current CMB spectrum experiments, in particular at λ >

∼ 1 cm, but are significant at
the accuracy level on CMB distortion parameters potentially achievable with novel experiments at
long wavelengths. This effect is small compared to the Galactic radio emission, whose accurate
knowledge currently represents the major astrophysical problem in CMB spectrum experiments,
but, differently from Galactic emission, it is isotropic atthe angular scales of few degrees and can
not be then subtracted from the CMB monopole temperature on the basis of its angular correlation
properties. With accurate absolute measures on a wide frequency coverage a fit including both
CMB distorted spectra and astrophysical contributions canbe searched (see [81] for an application
to FIRAS data) but a direct radio background estimate from precise number counts will certainly
improve the robustness of this kind of analyses.

The SKA sensitivity at 20 GHz will allow the detection (to 5σ ) of sources down to a flux level
of ≃ 200 nJy (≃ 60,20,6 nJy) in 1 (10, 102, 103) hour(s) of integration over the≃ 1 mas (FWHM)
resolution element; similar numbers (from≃ 250 to 8 nJy in an integration time from 1 to 103

hours, respectively) but on a resolution element about 10 times larger will be reached at≈ GHz
frequencies by using a frequency bandwidth of about 25%.

Therefore, the SKA accurate determination of source numbercounts down to very faint fluxes
can directly help the solution of one fundamental problem ofthe future generation of CMB spec-
trum space experiments atλ >

∼ 1 cm (see slide 116).

5. Conclusion

The thermal plasma in the intergalactic and intracluster medium and at galactic scales leaves
imprints on the CMB through the Thomson scattering of CMB photons on hot electrons (SZ effect)
and the free-free emission. Since its original formulation, the SZ effect, first elaborated for clusters
of galaxies, has been recognized as a “powerful laboratory”for our comprehension of physical
processes in cosmic structures and to derive crucial information on some general properties of the
universe.

Many thousands of galaxy clusters can be identified by XMM,Planck, and SDSS. SKA will
allow to map the thermal and density structure of clusters ofgalaxies at radio and centimetre bands
with unprecedented resolution and sensitivity and with an extremely accurate control of extragalac-
tic radio source contamination. The signatures from SZ effects and free-free emission at galactic
scales and in the intergalactic medium probe the structure evolution at various cosmic times. The
detection of these sources and their imaging at the high resolution and sensitivity achievable with
SKA will greatly contribute to the comprehension of crucialcosmological and astrophysical as-
pects, as the physical conditions of early ionized halos, quasars and proto-galactic gas. A wealth
of information will be available by combining SKA observations with those expected at higher
frequencies by ALMA and NGST and with the high quality X-ray data promised by XEUS. Also,
the spectacular improvement in our understanding of the properties of extragalactic radio sources
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at very faint fluxes achievable with SKA will allow to accurately model their contribution to the
diffuse background from radio to centimetre wavelengths and will greatly contribute to the inter-
pretation of next generation of CMB spectrum experiments.

In conclusion, although not specifically devoted to CMB studies, because of its high resolution
and the limited high frequency coverage, the extreme sensitivity and resolution of SKA may be
fruitfully used for a detailed mapping of the thermal plasmaproperties in the intergalactic and
intracluster medium and at galaxy scale and to probe the thermal plasma history at early times.
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