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1. Introduction

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

After a discussion of the fundamental concepts (Sect. 2)cfusdme well established appli-
cations (Sect. 3) of the SZ effect towards galaxy clustefsclis on dedicated themes related to
the SZ effect and other features in the CMB of particularrizgein the view of the extremely high
angular resolution observations achievable in the fututh the Square Kilometre Array (SKA)
(Sect. 3.3 and Sect. 4). In fact, although not specificallyotirl to CMB studies, because of its
high resolution and the limited high frequency coveragghtrihe extreme sensitivity and resolu-
tion of SKA may be fruitfully used for a detailed mapping oésie 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 advantageopsiiticular for the study of SZ effects
because of the steeper decrease of the synchrotron radssiemwith the frequency.

For sake of conciseness, | avoid in this work to include fig@a®well as to repeat a complete
reporting of the derivations of some fundamental equatiémsussing, on the contrary, to their
physical meaning. They are in fact available in the presiemaiploaded at the School web dite
(you can also ask the presentation to the author). | wiliofeder 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 ocdigmanumber,n(v) (at the fre-
quencyv), which determines the CMB photon energy densityig = 87rthp/c [ n(v)v3idvy, is
described by the kinetic (Boltzmann) equation; hiesas the Planck constant amwthe speed of
light. Various physical processes can contribute to théugiem of . In many cosmological and
astrophysical contexts the Compton scattering is the nffisteat interaction in the plasma able
to exchange energy between (baryonic) matter and radigfiam fundamental electromagnetism
concepts one can derive the Compton cross-section and ¢éngyesxchange between electron and
photon in a single scattering (see e.g. [80]; see slides. 4nGhe Thomson limit £ /mec® < 1,
wheree is the photon energy before scattering andthe electron massn.c® ~ 511 keV) the
photon energy; after scattering is not so different from the original ond &me differential cross-
section is almost isotropic. From the energy-momentumemasion law in the electron rest frame
itis possible to derive the photon dimensionless enexgy, hpv1 /kgTe, after scattering as function

Lhttp://www.ira.inaf.it~school_loc/presentations/PDF/Carlo_Burigana.pdf
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of the photon dimensionless energy,before scattering, of the electron energy and momentum,
and of the photon directions before and after scatteringe igis the electron temperature and
ks the Boltzmann constant. In general, in the electron restdrx; < X, or, in other words, the
photon gives a fraction of its original energy to the elegtrohe conclusion is different passing to
the laboratory frame: in this case, because of Doppler ffiee photon energy can be increased
of decreased after the scattering, depending on the rélelestron and photon motion directions.
The number of scatterings per unit time depends on the etedgnsityne, and on the photorci)
and electronyj) velocities

%—T = orneC[1— (V/cC)-Al; (2.1)
hereot is the Thomson cross-section and the time.

Averaging over an ensamble of electrons at a temperdiuamd using the semi-isotropy of
scattering holding in the Thomson limit, the average charidglae photon energy per unit time due
to the Doppler effect can be expressed by (see slide 6)

%D = aTnechpv%. (2.2)

The kinetic equation describes a$v) changes because of the contribution from photons at

different frequencies and the migrations of photons froeftequency to frequencies different
from v because of Compton scattering (see slide 8). It is genetaltlbe same time very difficult
to solve. For this reason, various approximations of it Hman proposed in the literature according
to the assumptions applicable to the considered astroglysi cosmological context. The most
famous approximation has been derived by Kompaneets maarg yefore its publication [51].
It is a second order approximation of the kinetic equatiothindimensionless energy difference
A =X, —xin the Thomson limit for the differential cross-section doda Maxwellian distribution
of electrons (see slide 8). These two assumptions greatlyli$y the second order serie expansion
allowing to identify two contributions to the time evolutif the photon occupation numbéé%:
a secular shift termJ A, and a random walk terni;] A2, Thanks to the semi-isotropy of the
Thomson differential cross-section the latter term can dmlye computed directly (see slide 9).
The derivation of the secular shift term can instead be peid using the fundamental property
of scattering, i.e. the photon number conservation. It aatenstraint on the photon flux on a
spherical surface of the phase space at a given frequégyequivalent to the relation

10j(x) _dn
X2 ox ot
Since no products of the first and second derivativg avith respect tax appear in%—?, then‘;—z
can appear only linearly in the function In addition, at thermal equilibrium, when the CMB
spectrum is a blackbody (BB),= 0= ‘f,—’g. This sets the form of(x) to be a product of a function
of n by an unknown functiom(x). %—’t’ can be formally expressed by Eq. (2.3) and by the above
second order serie expansion. Therefore, when the randdknieven is explicited, their equality
and, in particular, the equality between the coefficienfsdnt of the first and second derivative of
n with respect toc allows to determine the form of the function g(x) and thendkpression of the
secular shift term (see slide 10). One then arrives to the péomaets equation (for the scattering

(2.3)
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Compton term alone). In cosmological context, itis impotta note that the dimensionless photon
energyx = hpv /kgTe is in general not redshift invariant, depending on the rétddependence of
Te. It is then more advantageous to introduce a different dgioeess photon energy defined by
x = hpv/[ksgTo(1+ z)] where, independently of the exact form of the photon ocdéopatumber
at the present timg, aBBTg1 gives the present CMB energy densit¢mgo, agg being the BB
constant. It is useful to introduce a “nominal” CMB energynsity Ecms = aBBTé‘MB ~ 4.2 %
10-13(1+ 2)%ergent 3, whereTemg = To(1+ 2) is a “nominal” CMB temperature In this way,

X is redshift invariant (since alsv scales as ¥ z during cosmic expansion). Adopting this last
choice ofx, the Kompaneets equation can be written as

on _(9ny _1110 on -
(5o o5 v &0

heretc = mec?/ ke Te(Neor C)] is the gas cooling time by Thomson scattering gnd To/[To(1+2)]
is a dimensionless electron temperature. Three terms catebgfied in Eq. (2.4): ordinary and
induced Compton scattering, respectively proportionaftand n?, that tend to move photons
towards low frequencies and inverse Compton scatterirgoity one involving the second deriva-
tive of n, that tends to move photons towards high frequencies [22§. ilnportant to remember
that Eg. (2.4) needs to be coupled with the appropriateef@ifitial equation describing the) time
evolution of the electron temperature (see slides 7 and2dider to avoid to introduce significant
errors [11] in its solutiof.

At this point it is important to remember the limits of valigiof this equation (see slide 12):
a large number of scatterings is assumed (otherwise it haseaming to compute averages); non
relativistic electrons and relatively soft photons areuassd; the photon occupation number shape
should be smooth (otherwigg could be much larger tham, and so on for higher order derivatives,
and a serie expansion is no longer adequate). Finally, sttitethis form, the Kompaneets equation
assumes isotropic distributions of electrons and photons.

Note that, in general, for a Bose-Einstein (and, obvioualgp for the particular case of a
Planckian) distributionf)—’t7 = 0 (see slide 15 for the fundamental properties of theseildisions):
in other words, if there is enough time to allow a sufficientriner of scatterings, under the action
of Compton scattering alone the photon occupation numbelstéowards a Bose-Einstein (BE)
distribution which then represents the (general) kinegjgildorium solution. Typically, for CMB
photons, this condition is satisfied at high redshifts atlaghigh frequencies, where other radiative
processes are not so important. The chemical poténiiaf the BE distribution is related to the
fractional energy exchange occurred between matter andtiaud associated to the dissipation
process at the origin of the deviation from the full equililon BB spectrum [90, 22]:

U~ 14Ae/g; (2.5)

the case of small distortions (or small energy exchadgg's; < 1, at least in the case of dissipa-
tion processes with negligible photon production) is cdemed here for simplicityg; is the CMB

2“Nominal” refers here to the case in which the CMB energy ifgra any epoch scales simply &5+ 2)%, i.e. in
the absence of energy exchanges on the cosmic plasma.

3The dependence of the Compton equilibrium electron temper#71, 100] on integrals af increases the com-
putational complexity of the (numerical) solution of Eq.4P[11].

4In this context, the dimensionless chemical potential ficily used.
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energy density before energy exchange. This result can sy earived comparing the photon
energy density and number density of the original BB spettand of the distorted BE spectrum.

It is important to note that, observationally, COBE/FIRA&alset stringent limits to the amplitude
of spectral distortions at redshifts lower thanl0°, while these limits are significantly relaxed at
earlier epochs [31, 81] (see slides 28—-29 and 31).z Atzherm Zherm being the thermalization
redshift (see slide 30) [11], the limits dxe/¢; are set by the cosmological nucleosynthesis theory,
that, in order to explain chemical abundances, implies aly eamoving photon energy density
not too far from the present one.

A very different solution can be found under two differens@amptions. Ifgp > 1 (hot elec-
trons) the inverse Compton term dominates over ordinaryirasheted Compton terms. Neglecting
these two terms, the Kompaneets equation becomes equitalire heat diffusion equation (see
e.g. [95]) and admits an exact analytical solution desdribg a superposition of blackbodies
[101, 102]. Note that (see slide 16) for small deviationsrfran initial BB spectrum the Kom-
paneets equation is equivalent to the inverse Compton ddedrcase except for a further factor
(1— @/p) whereq is the initial electron and (BB) radiation dimensionlessiperature (corre-
sponding to a physical temperaturg. A simple solution, the so-called Comptonization solatio
can be found in this case:

n(x,1)~ni+u

X/ @ expix/@) x/q
[exp(x/@) —1J2 (tanh(x/zm 4) ’ (2.6)

wheren; is the initial distribution function and is the (evolving) Comptonization parameter (see
e.g. [12])

w=u@ = [ 0% [ (1 Jnorten (@)

@ tc Jiz gz ) eTTexp 1+7

heretexp = a/(da/dt) is the cosmic expansion time. Obviously, the case of hotreles is directly
obtained from this equation in the limg > ¢@. This formula is an excellent approximation of
the exact solution. By integratingover the whole relevant energy dissipation phase one gets th
“usual” Comptonization parameter related to the wholetfomal energy exchange by the well
known expression [101]

u~ (1/4)A¢/s;; (2.8)

again, the case of small distortions is considered for saiplin the above equation. This result
can be easily derived considering how the photon energyitglarisanges because of the evolution
of n (see slide 13).

Note that in the Rayleigh-Jeans (RJ) region Eq. (2.6) ptedidcowering of the photon occupation
number (see slide 16) and of the brigthness temperaturesligies 17). This effect decreases at
increasing frequency up to 217 GHz where it vanishes. Thana further frequency increasing
the formula predicts an increasing signal fractional exeeith respect to the original BB. In other
words, inverse Compton scattering tends to create a phastribdtion with more (respec. less)
high (respec. low) frequency photons than those of thermld8B. In cosmological context this
kind of departure from a BB (i.e. of CMB spectral distortios)expected at relatively late epochs
(at early ones there is time enough to achieve the kinetidilequm) in the presence of a diffuse
medium at temperature larger than that of the CMRafier = Te > To(1+ 2); see slides 32—-33),
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but also under many physical conditions (see e.g. [22]).eNut, at least in principle, a cooling
process Tmatter = Te < To(1+ 2)) could produce a negative Comptonization distortion [&8e(
slides 32 and 36). A remarkable examé (positive) Comptonization distortion is that assoaiate
to the cosmological reionization that affects the CMB bothmisotropies at large and small scales
and in the spectrum (see slide 81; see [21]; see also Selt. B@ instance, the reionization
redshift (see slide 82) identified by the NASKilkinson Microwave Anisotropy ProBéWMAP)
satellite 3-yr data is consistent with minimal reionizatimodels [82] predicting a Comptonization
distortion withAe /& ~ 4u~ 4 —7 x 10~ [15].

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

%:(%)A+<%>r:zAi+zri; (2.9)

here 5 A takes into account processes that does not change the phatober (typically, the
Compton scattering) arfdr; takes into account photon production/absorption prosgsse slides
20-22).

Three mechanisms certainly operate in the cosmic plasnemdstrahlung (BR) or free-free (FF)
[46, 80], double (or radiative) Compton (DC) [34], and cyobm (CE) emission. Recently, [103]
demonstrated that, for realistic values of cosmic magtitid, the cyclotron process never plays
an important role for (global) CMB spectral distortions whardinary and stimulated emission
and absorption are properly taken into account and CMBstsaliistorted spectra, as discussed
in the following, are considered. In fact, the cyclotronmiemay be significant, in the case of
deviations ofp from the BB distribution at the electron temperature, onlyeay long wavelengths,
corresponding to the cyclotron frequency, where, durirgftiimation of a spectral distortion, FF
and DC are able to keep extremely close to the BB equilibrium. These processesrafadt
very efficient at long wavelengths because of theik 2 dependence. So, at high redshifts the
BE solution needs to be modified introducing a frequency dégece in the chemical potential,
U = u(x), which vanishes at very long wavelengths [90, 23]. The tempbpectrum (see slide 25)
has then a minimum in equivalent thermodynamic temperatdig at a wavelength depending
on the baryon density [23, 11]. Note that DC (respec. FF) isemmportant that FF (respec.
DC) at high (respec. low) redshiftg higher (respec. lower) thass 10°). In general, if there is
enough time, the long wavelength photon production by DCFERa&ombined to the shifting of

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

bhttp://lambda.gsfc.nasa.gov/product/map/current/

"Tin is defined as the temperature of a BB with the sayfie) as that under consideration, i.e. such thér) =
1/[exp(hpv/(ksTin(v))) — 1]. Only for n = ngp, T is independent o/, while for an arbitrary photon occupation
numberTy, is frequency dependerifi, = Tih(v). In the following Ty, will be called also brightness temperature and
denoted byT,;. Note that the brightness temperatufig, is often used in the literature also with the meaning of rmmae
temperaturd@ant, defined as the temperature of a BB with the sayfe) as that under consideration but in the RJ limit,
i.e.n(v) =1/[hpv/(kaTant(v)]. Obviously,Tant ~ Ty, in the RJ limit.
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produced photon to higher frequencies thanks to Comptdtesice tends to reduce the amplitude
of a possible early spectral distortion, being at limit atdefully re-establish a BB (see slides
28-31), i.e. to thermalize the CMB spectrum [11].

The BE and Comptonization like distortions discussed alfpraperly modified with respect
to the pure BE and Comptonization distributions becauséefeffect of DC and FF) describe
distorted spectra at early and late epochs, respectively ¢g6de 18). For processing possibly
occurred at intermediate epochs a distorted spectral shigrenediate between these two cases
is predicted (see slide 26). In particular, for processaglatively late epochs a plateau ()
is produced in the RJ region, with a brigtness temperatuceed®ent related also to the process
epoch [12] (see slide 26, panel b).

At relatively low redshifts, FF, instead of thermalizingetepectrum to a BB at the electron
temperature (this is achieved in any case at extremely lequigncies), can produce the so-called
free-free (low frequency) distortion [12]. It is easy to¥g(see slide 23) that, in the RJ region, the
x~3 dependence of FF and the weak frequency dependence of thawi# factor implies a frac-
tional increase of the equivalent thermodynamic tempegatlmost proportional tg 2, character-
ized in amplitude by a simple parameter, the so-called Fierdiisn parameterys. A remarkable
excess can be produced at centimetre and decimetre wathedgsge slide 33) — or, in principle, a
decrement in the case of cooling processes (i.e. negasteriibns; see slide 36).

3. Thermal and kinetic SZ effect towards galaxy clusters

The Comptonization solution described in the previousseds at the basis of the well known
(thermal) Sz effect. The form of Egs. (2.6) and (2.7) are appate to the case of CMB global
distortions, but it easy to rewrite these equations in thee @ the interaction of CMB photon
with hot gas in a cluster of galaxies (or in a primeval haloabismaller scales, in the hot medium
surrounding a galaxy). It is enough to replace the integrakcdt over the relevant cosmic time
with an integral imgdl over the cluster along the line of sight in Eq. (2.7) (seessia).

The SZ effect due to the scattering of CMB photons with hottetes in galaxies and clusters
of galaxies is typically expressed in terms of a frequengeddent change in the CMB brightness
(see slides 39—-40). If the hot electron gas is globally dtwéth respect to the observer, only the
thermal SZ effect [91] (see also [78]) will be present; diffietly, a bulk peculiar motiony, of the
hot electron gas produces a kinetic SZ effect (see slidel88)e RJ region the first effect produces
a decrement of the surface brightneky, towards the cluster. The second effect produces either
a decrement or an incremeiy, depending on the direction of the cluster velocity withpexst to
the observer. Neglecting relativistic corrections:

Alih = loyg(x) (3.1)

and
Al = —lo(Vr /C)Te(x), (3.2)

8]t can be formally derived with a further approximation oétkompaneets equation in terms of small deviations
from the Comptonization spectrum.
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wherelg = (2hp/c?) (ks Tems/hp)3. Here

To = / neordl (3.3)

and
y= /(kBTe/mecz)neonl (3.4)

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

h(x) = x*¢*/(e* — 1)2 (3.5)

g(x) = h(x)[x(e“+1)/(e“ - 1) — 4]. (3.6)

The two effects have a different frequency dependence thatinciple allows their separation
through multi-frequency observations (see slides 41-42KA observations in the RJ regime
(whereh(x) ~ g(x) — x?) can be combined with millimetric observations. In paféeug(x) ~ 0
andh(x) is maximum at- 217 GHz, a frequency that, exactly for this reason, is tyfyiéacluded

in SZ multifrequency observations at millimetre waveldrsgt Accurate measures of the kinetic
SZ effect can provide a crucial cosmological informationctirster velocity field (see e.g. [5] for
results achieved with SuzIE Il).

3.1 Treatments of the thermal SZ effect beyond the Kompanestapproximation

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

Two main lines have been followed to overcome the limits ditty of this formalism. From
one side one can search for solutions more appropriate ttaeof a small number of scatterings
between CMB photons and electrons, possibly including €astl to a given order) the Klein-
Nishina correction to the classical Thomson scatteringszg®ection [99, 29]. From the other side,
it is interesting to search for approximations of the kioetguation not only up to the second
order but up to a higher order, necessary to treat the rigtitivcase [42]. These approaches are
physically motivated on the basis of the high electron tampees often achieved in clusters of
galaxied® and/or by small values of the optical depth (see Eq. (3.3)).

The general properties of the solutions found using thessdrrents are not so different from
those predicted by the original SZ treatment. See slide3&fapplication of the method described
in [29]: note the slightly steeper behaviour at high freqties found in this case. See slide 44 for a
comparison between non-relativistic and relativisticragpnations [79]: note how the difference,
clearly appreciable at high frequencies, is not so crificdhe RJ region (relevant for SKA). Note
also that only a small shift of the frequency of vanishingeffwith respect to the non relativistic
case (217 GHz) is predicted.

9| prefer to use here the symbwfor the “global” Comptonization parameter of a CMB distarspectrum and the
symboly for the “local” Comptonization parameter characterizing 6Z effect.
100r for a diffuse very hot gas — see also footnote 3.
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3.2 Some cosmological applications of SZ effect towards galy clusters

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

3.2.1 Hubble constant determination

As well known, one of the most remarkable difficulties in tloewrate measure of the Hubble
constantHp = [(da/dt)/a]p (see e.g. [97]), which determines the universe expansienatathe
present time, has been represented for a long time by thessigcéo precisely calibrate various
kinds of “standard candles”. So, some attempts have bedoated to find methods able to mea-
sureHg (as well as other cosmological parameters) circumventireyor other) difficulty(ies). An
interesting solution has been proposed in the '70 by [1988620] (see also [67]). It involves the
combination of X-ray and radio observations towards clustegalaxies (see slides 46-48). The
different dependence of bremsstrahlung, responsibleedfltister X-ray emission, and of SZ effect
(namely the decrement of the brigthness temperature in dheedton) towards the cluster on the
relevant physical and geometrical parameters allows twelarsimple expression for the cluster
luminosity distance in terms of ratio between the squardefirigthness temperature decrement
in the RJ region and the X-ray brightness, of cluster electemperature, cluster (angular) core
radius, and cluster redshift. Note that these quantitiesiarprinciple, measurable. Therefore, a
comparison with the usual Hubble expression for the luniipatistance (see slide 48) allows to
directly deriveHy. A certain degradation of the reliability of this method @svirom the complex-
ity of the geometrical and physical properties of clusteee(e.g. slide 49). For example, different
baryonic physics results into noticeable differences endtirface distributions and in the profiles
of the X-ray brightness, projected temperature, and Conigation parameter, particularly for the
inner cluster regions [62] (see slide 50). Another remdekdifficulty of the method and, in gen-
eral, of cluster modelling, is represented by the presehcadio sources in the cluster that, with
their surface density distribution different from that aintrol fields, can affect the signal due to
the “pure” SZ effect, a problem recently addressed by [56¢ @ides 51-52).

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

3.2.2 Determination of cosmological parameters through stistical approaches

The Hubble constant is only one of the parameters that deterthe “background?! evo-
lution of the universe, while other parameters charaaettie dishomogeneity properties of the

11«Background” is used here to denote the global properties ¢firtual”) perfectly isotropic and homogeneous
universe with all (“virtual”) galaxies following the pureutble expansion flow.
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universe related to the formation and evolution of cosnriecstires. On the other hand, the “back-
ground” evolution of the universe plays a crucial role aleo the structure formation process.
Therefore, the study of the correlation properties of sushaimogeneities provides information
on the cosmological parameters originally introduced taratterize the “background” properties
of the universe.

Likely, the most useful (and used) statistical estimatosuath dishomogeneities projected on
the celestial sphere is their angular power spectr@m,as function of the multipol&, ¢, that,
observationally, is a simple transform of the angular (aaoelation function [69]. For Gaus-
sian distributions, they completely describe the stat$fproperties of the fluctuation field. From
the astrophysical sid&;, is related to the redshift dependent mass function and eroficlus-
ters. Different models for the mass function and for chargihg the physical profile of clusters
imply different shape and amplitude Gf (see slide 53). In particular, it takes memory of some
cosmological parameters, such as the density contrasttifieelinear theory amplitude of matter
fluctuations),ds, at a characteristic scale (typicallyh8! Mpc) and the global matter density (see
[79, 2] and reference therein); hehneis the Hubble constant in units of 100 kmisvipc1. So,
the comparison between the observed and the theoretigakdigbed cluster distribution allows to
determine such parameters or can be used with other cosicadldgta to remove the degeneracy
in the determination of some cosmological parameterstiegisising a single kind of observables
(see e.g. [8, 9, 28]), such as the cosmological constantaidr &hergy) 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 assessmensfatogical models and in the de-
termination of the cosmological parameters has been aathithanks to the precise mapping of
CMB anisotropies through balloon-borne, ground-based, iarparticular, space experiments (see
e.g. [6], and references therein, for a review on pre-WMARBeotational results). WMAP mea-
sured CMB anisotropies on the whole sky in both total intgn@r temperature, see 1-yr results
[4]) and polarization (see the 3-yr results [43, 66]) Stopasameters. A substantial improvement
is expected in the next years from the forthcoming BBanck? satellite [53, 76, 75].

The SZ effect from the ensamble of the clusters at varioushitid and sky positions consti-
tutes a source of foreground for these projects, partigutamarkable at small scales (or larfe
The SZ effects towards the brightest clusters can be diretghtified on the CMB anisotropy maps
and can be subtracted almost accurately from the fluctuategmduring data analysis. On the con-
trary, those below a certain threshold can not be extracted the fluctation field and contribute
to the overall angular power spectrum (see slide 56) [38, Diiérefore, the contribution of SZ ef-
fect from clusters to the overdll, needs to be accurately modelled and subtracted to exteCt th
corresponding primary CMB fluctuations. These tasks, direarried out in the WMAP data anal-
ysis, are more relevant, and complex, in the case of theflarickdata analysis since it is aimed
at measuring the CME; at significantly higher multipoles. Clearly, tiidanckwide frequency
coverage, from 30 GHz to 857 GHz, i.e. at frequencies bothwahd above- 217 GHz where the

12The multipolet is almost inversely proportional to the angular scéte,180/6(°).
Bhitp://www.rssd.esa.int/planck
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SZ effect vanishes, will allow to detect both the decremeick the excess of the CMB brightness
temperature. This will greatly help the identification atsource of foreground, providing at the
same time a rich information on cluster physics (see alsoé¢hlesection).

3.3 SKA perspectives

Many thousands of galaxy clusters can be identified on thdevsiy by XMM (~ 10°),
Planck (~ 5000), and SDSS~ 51). The typical angular sizes of galaxy clusters range from
~ arcmin to few tens of arcmin.

The SKA sensitivity and resolution mainly depends on thedumeay collecting area (see
slides 60—63). By considering a frequency band-od GHz at 20 GHz, the whole instrument
collecting area will allow to reach a (rms) sensitivity ®f40 nJy in one hour of integration with
an angular resolution of- 1 mas (consideringz 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 aof 0.6” [39, 13].

The major role on the study of the SZ effects towards galanstels will be obviously played
by dedicated telescopes operating-ercmin resolutions with frequency coverages uptmilli-
metric wavelengths [44] and, at higher resolutions, by AL¥LOn the other hand, with the 50%
of the SKA collecting area it will be possible to accuratelgprthe SZ effect [89] of each consid-
ered cluster, particularly at moderately high redshiftehwhe unprecedented precise subtraction
of discrete radio sources achievable with SKA. The comhbinatith accurate X-ray images of the
cluster bremsstrahlung emission will allow to accurateprthe thermal and density structure of
the gas in galaxy clusters, thanks to the different depesateaf these two effects on matter den-
sity and temperature. Of particular interest in this respeit be the observations expected by the
wide field imager (WFI) on board the X-ray Evolving UniversgeStroscopy (XEUS) satellite,
recently selected by ESA as new candidate for possibledgaientific missiort$, designed to
reach a resolution of.25” on a FOV of 53— 10 (see slides 64-67).

As mentioned above, it is also possible to study the SZ effeath thermal and kinetic) from
clusters in a statistical sense, namely through its cartidb to the angular power spectrum of
the CMB secondary anisotropies (see slides 68—70; see @igendlix A in [13]). This topic has
been investigated in several papers (see, e.g., [65, 987326, 52]). At sub-arcmin scales (i.e.
at multipoles? 2, 10%) secondary anisotropies from thermal (more importaitafew x 10*) and
kinetic (more important at 2, few x 10*) SZ effect dominate over CMB primary anisotropy (see
slide 78) whose power significantly decreases at multipblesl0® because of photon diffusion

(Silk damping effect [85]). Their angular power spectruméat 10* — 10° (~ 1012 - 1013

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

14http://www.alma.cl/
15http://sci.esa.int/science-e/www/areal/index.cfmedid=25
18http://sci.esa.int/science-e/www/arealindex.cfmedai=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 natu@lexpect that it will provide
a particular improvement for our understanding of astreftal processes able to produce SZ
effect or other signatures in the CMB at very small angulalesc | will report here on three
specific topics, from lower to higher redshifts, of partainterest for extragalactic astrophysics
and cosmology, properly revised in the context of the SKAsiific 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 thernabgrcontent, leading to a de-
tectable SZ signal, both when the protogalaxy collapseh thi¢ gas shock-heated to the virial
temperature [77, 98], and in a later phase as the result afigtieedback from a flaring active
nucleus (see slide 83; see, e.g., [41, 59, 60, 1, 72, 45]. $tiephysical implications of these
scenarios have been investigated by [25].

A fully ionized gas with a thermal energy dens#ysswithin the virial radius

3Myir s —-2/3 -1 Myir 1/3
Riir = <4npw> ~ 1.6 1Ph~2/3(1+ z) (1012M@) kpe

transfers to the CMB an amoudie ~ (ggas/tc)2(Ryir/C) of thermal energy through Thomson
scattering producing a Comptonization parameter [30%](1/4)A¢/ecus (see slide 84). Here
Puir =~ 200py, py = 1.88 x 1072°h?(1+ z,4r)gcm 2 is the mean density of the universe at the viri-
alization redshiftz;, .

Assuming the binding energyEggas = Mgas/2,, Wir = 1620Y/3(1+ 2)Y/2(My;r /1012M,,) /3
km s1 being the circular velocity of the galaxy at its virial ragi{61, 10]) to characterize the
thermal energy content of the gdg;ss the amplitude of the SZ dip observable in the RJ retfion
can be written as (see slide 85):

UK.

h > 2 <1 + Ziir > 3 Iv'gas/Mvir Mvir Egas

| |RJ zy 0 <O5 35 0.1 1012MO Eb7gas

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

Quasar-driven blast-waves could inject into the ISM an amofienergy several times higher
than the gas binding energy, thus producing larger, if macary SZ signals. A black-hole (BH)
accreting a mad¥lgy with a mass to radiation conversion efficierggy, releases an enerdygy =
gsuMgnC?. The standard value for the efficieneyy = 0.1 and a fractionfy, = 0.1 for the energy
fed in kinetic form and generating strong shocks turningtih iheat (see slide 85) are assumed here
for numerical estimates.

"Note that|AT|g;~ 2uTp or |AT|g;~ 3uTy respectively wherTry = Try— T o or ATry= Try— To is considered
(see slide 17), beindj o < Tp in the presence of a global heating process. This considerapplies to the case of
CMB global Comptonization distortions. In this contexy@ we are considering a (local) SZ effect characterized by a
Comptonization parametgr with fully negligible global energy exchang@T |g;~ 2yTo.
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Using the recent re-assessment by [94] of the well knowretaiion between the BH mass
and the stellar velocity dispersioklgy = 1.4 x 108 (0/200knys)* M, , one gets

EgH ~47 L 72/388_H i 1+2i (Mgag/Myir - Mvir 13 4.1)
Epgas  \0.5 0101 35 0.1 10'2Mm,, ' '

The amplitude of the SZ dip in the RJ region due to quasartgafi the gas is then estimated as

(see slide 86):
f h \? e\ Y2 [ E Y2 r142\3
~ -5_h (1 SBH —BH - c
~18x10757 <0.5> (0.1) (1062> <3.5> ‘ (4.2)

(7).

Following [72], an isothermal density profile of the galasyadopted. The virial radius, encom-
passing a mean density of 260 is then:

h -1 EgH 1/4 EBH -1/4 /1 + Zyir —3/2
Riir ~120( — — = Kk 4.3
i <0.5> <1062> (o1) ( 35 ) Pe, (4.3)
corresponding to an angular radius:
~ ' @ 1/4 SB_H -1/4 /14 Zyir —3/2 dA(2.5)
G217 <1o62 ( o.1> 35 (@) (44)

whereda(2) is the angular diameter distance.

The angular scales of these SZ signals from galaxies areafrtter of~ 107, then of partic-
ular interest for a detailed mapping with the SKA and XEUSha tadio and X-ray, respectively
(see slide 87). The probability of observing these SZ s@uotea given sky field at a certain flux
detection level and the corresponding fluctuations are Ijndetermined by the redshift dependent
source number densitgsz(Ssz, ) per unit interval of the SZ (decrement) fi&z. The lifetime of
the considered SZ sources is crucial to determine their ruahénsity (see slide 88).

For quasar-driven blast-waves the lifetime of the activasgltsz, is approximately equal to
the time for the shock to reach the outer boundary of the halsixg. Assuming a self-similar
blast-wave expanding in a medium with an isothermal demsit§ile, p O r 2, one gets:

teg~ 15% 108 [ o (e 1/8<SB_H>_5/8 o - i o yr. (4.5)
Se= = 0.5 10P2erg 0.1 0.1 35 oo

The evolving B-band luminosity function of quasarg(Lg,z), (see e.g. [70]) can be then
adopted to derive the source number dengify(Ssz,z) according to

tsz dlLg
tq.opt d%z ’

whereLg(Ssz,2) is the blue luminosity of a quasar at redstzftausing a (negative) SZ fluSsz,
andtq opt is the duration of the optically bright phase of the quasaiugion (see slide 89).

For the proto-galactic gasz should be replaced by the gas cooling tig,. Assuming that
guasars can be used as effective signposts for massiveogjdigralaxies in their early evolution-
ary phases [35] and that they emit at the Eddington limit asidguthe relation by [30] between

©sz(Ssz,2) = ¢(Ls,2) (4.6)
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the mass of the dark-matter hald,;, and the mass of the central black-holdgy /108M® ~
0.1(Myir /10'°M,,) 185, the number density of sources with gas at virial tempegatan be straight-
forwardly related to the quasar luminosity functip(lLg,z) (see slide 90).

In spite of the many uncertainties of these models, it is reatde that the CMB fluctuations
(dominated at small scales by the Poisson contributionydad by the SZ effect of these source
populations could contribute to the CBI [54] anisotropy swea and, in particular, could contribute
to explain part of the excess in the angular power spectrumddy BIMA [24] at multipoles
¢ ~ (4—10) x 10° (see slide 91), a certain fraction of it being likely proddidey high-redshift
dusty galaxies, whose fluctuations may be strongly enhagdide effect of clustering [93].

Also, the integrated Comptonization distortion producgdgoasar-driven blast-waves has
been computed by [72] through a quite general “energetigt@gch, not particularly related to a
detailed physical assumption: they found- 2.4 x 1076,

A direct probe of these models and, possibly, their acclradevledge through a precise high
resolution imaging is then of particular interest. Slide9®ws the number counts at 20 GHz
predicted by these models: in a single SKA FOV about fe#® — 10° SZ sources with fluxes
above~ 100 nJy could be then observed in few hours of integratiorvesihe typical source
sizes, we expect a blend of sources in the SKA FOV at thesdisdndevels, while much shorter
integration times;- sec, on many FOV would allow to obtain much larger maps witlyaificant
smaller number of resolved SZ sources per FOV. Both survaylatively wide sky areas and
deep exposures on limited numbers of FOV are interestingeasdy obtainable with SKA (see
slide 93).

A different scenario to jointly explain the power excessiiduy BIMA and the high redshift
reionization detected by WMAP 1-yr data [5@on ~ 15— 20) was proposed by [64] (see slide
94). It involves hot gas winds powered by pair-instabilitypernovae (SN) explosions from the
first generation of very massive stars at very low metajliaible to photoevaporate the gas in the
halo potential. The SN remnants should then dissipate #rrgy in the intergalactic medium
(IGM) and about 30-100% of their energy would be transfetoethe CMB via Compton cooling.
However, the resulting SZ effect from individual sourcegsmated to be too faint (corresponding
to ~ few x 1072 nJy) to be observable even by SKA. On the contrary, the iaguBZ effect from
these sources could be relevant in statistical sense. |Himed to explain the high BIMA excess
of the CMB angular power spectrum and to be able to generdtsalgComptonization distortion
parameteu ~ few x 107 (on the other hand, a certain decrease of its effect withexgsp this
picture could be expected in the light of the lowering of te@nization redshift as revised by
WMAP 3-yr data).

4.2 Free-free emitters

The understanding of the ionizing emissivity of collapsefkots and the degree of gas clump-
ing is crucial for reionization models. The observation ifiude gas and Population Il objects in
thermal bremsstrahlung as a direct probe of these quankiie been investigated by [63]. Free-
free emission produces both global and localized spectstdrtion of the CMB (see slide 95).
A natural way to distinguish between free-free distortignidmized halos rather than by diffuse
ionized IGM is represented by observations at high reswiutif dedicated sky areas and by the
fluctuations in the free-free background. In the model by f@8os collapse and form a starburst
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lastingt, = 10’ yr, then recombine and no longer contribute to the freefaekground. By adopt-
ing a Press-Schechter model [74, 7] for the number densitpldpsed halos per mass interval,
dnps/dM, [63] exploited the expression by [84] for the collapse @thalos per mass interval per
unit comoving volume (see slide 96):

dNform 1 dDdnps &
av~ M2 =55 aw M2 gzavpe

4.7)

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

t(2)—to \J form
dNnalo(SZ) :/ dth dMm (4.8)
S

dsdv 2 dM ds

can be then computed given the expected flux from a halo of Maasredshiftz, S= SM, z),
and the starburst duratiohy,. Adopting a cut-off mass for a halo (see slide 97) to be iahiak
M, = 108(1+2/10)~%/2M,, (the critical mass needed to attain a virial temperatureQ4fKl to
excite atomic hydrogen cooling), [63] computed the humloeints of sources above the flux limit
S from the zeroth moment of the intensity distribution monsemie to sources above a redshift

Zmim

dNﬂan dv
(S'(> Zmin, & / : / o IS isdvaz (4.9)

by settingSmax — © and Syin(z) = max(&;, S.(z)), whereS,(z) denotes the flux from a halo of
minimum mass3\,. at redshiftz.

The relationNrecomb= aB(n§>V ~ (1- fesc)Nion, between the production rate of recombi-
nation line photonsNecomp and the production rate of ionizing photoriden, (hereag is the
recombination coefficient andLs. (= some%) is the escape fraction for ionizing photons) im-
plies that the source luminosities inaHand free-free emissioril(n3V) are proportional to the
production rate of ionizing photons (see slide 98). Over dewiange of nebulosity conditions
[40] found that~ 0.45 Hx photons are emitted per Lyman continuum photon; thidd) =
1.4 x 10"N;on/(10%phs Yergs ™. Given the free-free volume emissivity [80] in the case of an
approximate mild temperature dependence with a power lavel@city averaged Gaunt factor
gif = 4.7 is assumed), = 3.2 x 1073%n2(T /10*°K) %3S ergstecm3Hz 1, it is found

ff 7 -Ion ~1py,-1
L, =1.2x10 TPphs T S7ergs THz . (4.10)

Assuming the starburst model of [37] normalised to the alesemetallicity 103Z., <Z <1072Z,
of the IGM atz ~ 3 (resulting into a constant fraction of the gas mass turmitg stars, 17% <
fstar < 17%, in a starburst which fades after10’ yr), [63] derived a production rate of ionizing
photons as a function of halo mass given by (see slide 99):

fstar M 1

g B . B
Nion(M) =2 x 10° 0.17 TPM. phst, (4.11)
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which specifies the above free-free ionized halo luminodihe corresponding flux is then:

Lt 1+z2\"*' M T \ %%
_ 1472 ~25 Jy. 4.12
5= T2 < 10 ) 1M, <104K> ny (4.12)

Clearly, SKA will allow to detect only bright sources witheje exposures. The ionized halo
number counts can be calculated from Eq. (4.9). The resulé8lis reported in slide 100 (and
compared with [68]): SKA should be able to deteetl0* individual free-free emission sources
with z> 5in 1 square degree above a source detection threshold di7Te redshift information
from the Balmer line emission detectable by the Next Geimra&pace Telescope (NGST) can be
used to discriminate ionized halos from other classes ob rsalirces.

lonized halos may contribute to the temperature fluctuatidn particular, the Poisson con-
tribution is predicted to be larger (smaller) than the @tsg one at scales smaller (larger) than
~ 30’ [63]. On the other hand, both are likely dominated by theaadiurce contribution.

Finally, the integrated emission from ionized halos preadua global CMB spectral distortion,
AT+ = c2(S)/2kgVv?, that can be computed from the mean sky averaged s{§héee slide 101).
By using Eq. (4.9) (since no point source removal is feasibldegree scales) with,i, and. =
0, [63] found a free-free distortioAT;; = 3.4 x 1072 K at 2 GHz, corresponding to a free-free
distortion parameteyg ~ 1.5 x 108, well within the observational capability of a next genenat
of CMB spectrum experiments at long wavelengths (see nekibsg.

4.3 SKA contribution to future CMB spectrum experiments

The current limits on CMB spectral distortions and the caists on energy dissipation pro-
cessesAe/g| < 1074 in the plasma [81] are mainly set by COBE/FIRAS [56, 31] (skdes
102-104). CMB spectrum experiments from space, DIMES [48¢ (also [49]) aA 2 1 cm and
FIRAS Il [32] atA < 1 cm, have been proposed with an accuracy potentially aldertstrain (or
probably detect) energy exchanges 10-100 times smallerttieaFIRAS upper limits (see slide
105). Also, a promising opportunity in this respect is raprged by the recent renaissance of in-
terest for the Moon as a base for extremely accurate obsmrsadf the universe. Slides 111-113
display some of the fundamental ideas for a CMB spectrumréxpat at long wavelengths, pro-
posed in a recent study for ASI, that forsee an ultimate hygeréament at centimetre and decimetre
wavelengths anticipated by precursor experiments atroetitt wavelengths, able to significantly
improve the current observational scenario [17].

Long wavelength experiments may probe in particular di®p processes at early times
(z 2 10°) resulting in Bose-Einstein like distortions [90, 23, 1hparee-free distortions [3] possi-
bly generated by heating (but, although disfavoured by WMARrinciple also by cooling [88])
mechanisms at late epocts{ 10%), before or after the recombination era [16].

Typical shapes of distorted spectra potentially deteetalith new experiments are shown in
slide 108 while slides 109 and 110 display the possible ingareents in our understanding of the
energy exchange in the primeval plasma respectively inllserece and in the presence of detec-
tion of spectral distortions. To firmly observe such smadtalitions the Galactic and extragalactic
foreground contribution should be accurately modelled smtracted (see slide 114). Recent
progress on radio source counts at 1.4 GHz have been prdsarii&3]. On the other hand, the
very faint tail of radio source counts is essentially unergtl and their contribution to the radio
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background at very low brightness temperature is not atelyrknown (see slide 114). For illus-
tration, by assuming differential source number couR{S), given by lodN(S)/ANp ~ alogS+ b,
with ANg ~ 150572° sr-1 Jy~! (Sin Jy) [92], fora~ 0.4 — 0.6 andb ~ —(0.5— 1), one derives a
contribution to the radio background at 5 GHz from sourcéséen~ 1 nJy and~ 1uJy between
few tens ofuK and few mK (see slide 115). These signals are clearly nibtgigompared to the
accuracy of current CMB spectrum experiments, in particatal 2 1 cm, but are significant at
the accuracy level on CMB distortion parameters potegtithievable with novel experiments at
long wavelengths. This effect is small compared to the Gialaadio emission, whose accurate
knowledge currently represents the major astrophysiaablpm in CMB spectrum experiments,
but, differently from Galactic emission, it is isotropicthe angular scales of few degrees and can
not be then subtracted from the CMB monopole temperatur@ebadsis of its angular correlation
properties. With accurate absolute measures on a widednegucoverage a fit including both
CMB distorted spectra and astrophysical contributionshEagearched (see [81] for an application
to FIRAS data) but a direct radio background estimate froetige number counts will certainly
improve the robustness of this kind of analyses.

The SKA sensitivity at 20 GHz will allow the detection (tobof sources down to a flux level
of ~ 200 nJy €& 60,20,6 nJy) in 1 (10, 18, 10°) hour(s) of integration over the 1 mas (FWHM)
resolution element; similar numbers (from250 to 8 nJy in an integration time from 1 t030
hours, respectively) but on a resolution element aboutrh@dilarger will be reached at GHz
frequencies by using a frequency bandwidth of about 25%.

Therefore, the SKA accurate determination of source nurodsemts down to very faint fluxes
can directly help the solution of one fundamental problertheffuture generation of CMB spec-
trum space experiments &tz 1 cm (see slide 116).

5. Conclusion

The thermal plasma in the intergalactic and intraclustedioma and at galactic scales leaves
imprints on the CMB through the Thomson scattering of CMBtphe on hot electrons (SZ effect)
and the free-free emission. Since its original formulatitve SZ effect, first elaborated for clusters
of galaxies, has been recognized as a “powerful laboratfary'dur comprehension of physical
processes in cosmic structures and to derive crucial irdbaom on some general properties of the
universe.

Many thousands of galaxy clusters can be identified by XNRl&nck and SDSS. SKA will
allow to map the thermal and density structure of clustegatdxies at radio and centimetre bands
with unprecedented resolution and sensitivity and withxdreenely accurate control of extragalac-
tic radio source contamination. The signatures from SZceffand free-free emission at galactic
scales and in the intergalactic medium probe the structokition at various cosmic times. The
detection of these sources and their imaging at the highuteso and sensitivity achievable with
SKA will greatly contribute to the comprehension of cruatalsmological and astrophysical as-
pects, as the physical conditions of early ionized haloasgrs and proto-galactic gas. A wealth
of information will be available by combining SKA obsen@is with those expected at higher
frequencies by ALMA and NGST and with the high quality X-ragta promised by XEUS. Also,
the spectacular improvement in our understanding of thpasties of extragalactic radio sources
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at very faint fluxes achievable with SKA will allow to accuet model their contribution to the
diffuse background from radio to centimetre wavelengths will greatly contribute to the inter-
pretation of next generation of CMB spectrum experiments.

In conclusion, although not specifically devoted to CMB @&adbecause of its high resolution
and the limited high frequency coverage, the extreme sehsiand resolution of SKA may be
fruitfully used for a detailed mapping of the thermal plaspraperties in the intergalactic and
intracluster medium and at galaxy scale and to probe thetlgsglasma history at early times.
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