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Abstract

Studying the cosmic microwave background (CMB) has proven to be an immensely rich source
of information about the Universe we live in. Many groups were and are intensely working
on the interpretation of the large amount of CMB data, which has become available during
the last decades and will be obtained with many new projects already observing at present or
planned for the near future.

The observations by COBE in the 90’s have shown that the CMB is extremely uniform,
with angular fluctuations of the temperature on the level of one part in 10° on angular scales
larger than 7 degree. On the other hand on these scales no deviations of the CMB energy
spectrum from a perfect blackbody were found. But today we do know that there exist spectral
distortions of the CMB on arcminute! scales due to the scattering of CMB photons off the hot
electrons residing inside the deep potential well of clusters of galaxies, which leads to the so
called thermal-SZ effect (th-SZ). The th-SZ effect has already been measured for several big
cluster and within the next 5 years, many CMB experiments like ACBAR, SZA, PLANCK, SPT,
Act, APEX, AMI and QUIET will perform deep searches for clusters with very high sensitivity.
Many tens of thousands of clusters will be detected allowing us to carry out detailed studies of
cluster physics and to place constraints on parameters of the Universe.

Due to this great advance in technology one can expect that small deviations from the main
SZ cluster signal, e.g. related to relativistic corrections to Compton scattering for high electron
temperature, will become observable. Motivated by this promising perspective here we studied
the influence of the motion of the Solar System with respect to the CMB rest frame on the SZ
cluster signature. This kind of contribution to the SZ signal has been neglected in the literature
so far, but as we show here it is of the same order as other corrections under discussion. We
found that this motion-induced SZ signal has a very strong spectral and spatial dependence and
due to the great knowledge about the motion-induced CMB dipole it can be predicted with
high precision, which makes it easy to account for it in the analysis of future SZ studies.

Here one big problem naturally arises: any experiment trying to observe tiny frequency-
dependent signals needs a cross calibration of the different frequency channels. Several different
standard methods for calibration issues are known, e.g. based on the annual modulation of the
CMB dipole, the microwave flux from planets like Jupiter or the comparison with CMB sky
maps obtained by well calibrated experiments like WMAP, each with their own problems and
drawbacks. However the achieved level of cross calibration is limited by the knowledge of the
calibrator. Today scientists are already speaking about extremely small frequency-dependent
features in the CMB temperature power spectrum resulting from the scattering of CMB photons
in the fine structure lines of different atomic species during the dark ages. Obtaining these
signals can in principle be used to answer some of the interesting questions about the history of
chemical enrichment and reionization, but it is likely that the necessary level of cross calibration
cannot, be reached with the standard methods.

In this context we considered the fact that the superposition of blackbodies with different
temperatures is not again a blackbody. We show that in the limit of small temperature difference
the superposition leads to a y-type spectral distortion. This kind of distortion arises whenever
one in observing the CMB sky with finite angular resolution. We discuss the spectral distortions

'1 arcmin=1" = 1°/60; 1 arcsec=1" = 1’/60 = 1° /3600



x ABSTRACT

due to the primordial CMB temperature fluctuations and the motion-induced CMB dipole.
Furthermore we considered possible applications for calibration issues. We show that within
this context also clusters of galaxies, especially for experiments observing only small parts of
the sky, in the future may become standard sources for calibration issues.

Although the observations with COBE/FIRAS have proven that the CMB energy spectrum
on large angular scales is extremely close to a pure blackbody one may still expect some devia-
tions due to processes like the damping of acoustic waves, turbulent motion of the matter, the
decay of unstable particles or annihilation of matter in the early Universe. Especially possible
distortions from very early epochs (redshifts z > few x 10°) lead to deviations of the CMB
brightness temperature at frequencies (1 — few x 10 GHz) well below the range of COBE/FIRAS.
Currently people in the USA and especially at the NASA Goddard Space Flight Center are
intensely working on experiments to measure the CMB temperature at these frequencies, where
the largest distortions could be expected. One can therefore hope that in the near future also
new constraints on the CMB energy spectrum will become available.

Therefore in this thesis we also reexamined the thermalization of spectral distortions of
the CMB in the early Universe. Due to the large entropy here one of the most important
processes is the production of low frequency photons by double Compton scattering. Until now
people were only using a description of this emission in the limit of cold electrons and soft
initial photons, but especially for the thermalization of large distortions at very high redshifts
(z > 10%) the inclusion of relativistic corrections to the main processes at work may become
necessary. Here we provide two steps towards a solution of this problem. First we discuss in
detail the full kinetic equation for the time evolution of the photon field under double Compton
scattering in a hot, isotropic thermal plasma, both numerically and analytically. We obtained
accurate approximations for the effective double Compton Gaunt factor, which are applicable in
a very broad range of physical situations. We then provide a reformulation of the thermalization
problem with respect to relativistic corrections and discuss its solution in the limit of small
chemical potential distortions at high redshifts. Our results indicate that due to relativistic
corrections the thermalization at high redshifts slows down notably and therefore makes the
CMB more vulnerable for distortions at epochs z > 105. Here we also report some of our
attempts to solve the full problem numerically.



Chapter 1

Introduction

1.1 General introduction on CMB

Since the serendipitous detection of the cosmic microwave background (CMB!) by Penzias and
Wilson [96] in 1965 and the interpretation of this signal as the leftover from the hot ‘fireball’
by Dicke et al. [43] many decades have past. Today the CMB is one of the most important
pillars of modern Cosmology and studying its characteristics has proven to be an incredibly rich
source of information about the parameters describing our Universe (for reviews see [135, 64])
and particle physics (for review see [71] and references therein). Brave astrophysists may even
talk about entering an era of precision cosmology, which certainly is strongly motivated by our
growing understanding of the CMB, both observationally and theoretically.

The CMB photons detected today originated from the last scattering surface (LSS), when
the Universe was roughly 380000 years® old and due to its expansion had cooled down suf-
ficiently (~ 3000K) to allow the formation of neutral atoms. Since then these photons have
traveled across the whole visible Universe and hardly undergone any interactions with the mat-
ter. Still on their way from the LSS they witnessed a huge diversity of astrophysical processes,
such as the formation of the first structures by gravitational collapse and the ignition of the
first sources, which ended the dark ages by reionizing and heating the intergalactic medium
and polluting the Universe with the first heavy elements. All these processes and the interac-
tions with the matter before recombination and within the LSS left imprints in both the spatial
(e.g. the acoustic peaks) and the energy (e.g. the thermal SZ-effect) distribution of the CMB,
mainly due to gravitational effects [109] and the Doppler-effect due to scattering off moving
(not necessarily free) electrons [125]. In this context one usually distinguishes between pri-
mordial temperature fluctuations (e.g. Sachs-Wolfe effect at large angular scales), which were
imprinted onto the LSS already at the end of recombination, and secondary anisotropies, which
have arisen afterwards and lead to the generation of new anisotropies (e.g. integrated Sachs-
Wolfe effect and lensing) or the damping of primordial anisotropies (e.g. scattering by moving
electrons after reionization at z < 10 — 30) [for reviews see 135, 64]. Observing these imprints
help understanding the global parameters of the Universe, such as the total energy density and
the Hubble parameter, baryonic matter, dark matter and dark energy content.

However, in the standard picture the CMB photons were born at much earlier epochs, very
close to the big bang, and therefore represent the oldest detectable electromagnetic relics in
the Universe, with roughly 410 photons per cm? today. Before the end of recombination these
photons strongly interacted with the matter in the Universe, which by that time was much
hotter and denser than today. Just shortly after the end of inflation, the Universe is thought to
be extremely isotropic with only tiny fluctuations in the matter density. Conversely, due to the
strong coupling between matter and radiation, also the photons were isotropic and at redshifts

LA list of acronyms used in this thesis is given at the end.
2Corresponding to redshift of z ~ 1100.
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Figure 1.1: Uniform CMB spectrum as measured by COBE/FIRAS: the CMB spectrum is extremely
close to a perfect black body of temperature T, = 2.725 4+ 0.001K. Until now no spectral distortions
have been detected. The existing limits are [u| < 9-107° and |y| < 1.5 x 10~ on possible chemical
potential and Compton y-distortions [84, 50, 51]. These put severe constraints on possible mechanisms
of energy release in the high redshift universe. The Figure was taken from [62].

well before the end of the era of electron-positron annihilation® (z > 108 — 10%) extremely close
to a thermal blackbody [43]. The expansion of the Universe, gravitational redshifting and the
scattering off slowly moving electrons in the Thomson limit leave the spectrum of the CMB
unaltered (all these effects are achromatic and affect photons independent of their energy). But
still observable distortions of the CMB energy spectrum may have emerged after significant
release of energy, depending on the exact epoch and by which mechanism this possibly occurred.
Studying the details of the (full sky) CMB energy spectrum therefore principally opens a way
to investigate the thermal history of the Universe far beyond the LSS.

The observations by the COBE satellite have revealed that the energy spectrum of the CMB
is extremely close to a perfect blackbody of temperature Ty = 2.725 + 0.001K, with spectral
deviations of no more than 10~ [84, 50, 51] (see Fig. 1.1), and fluctuations of the radiation
temperature (after extracting the large CMB dipole [119, 131, 50]) at a level of AT/T ~ 1075
on angular scales smaller than 7° [120, 10]. Nowadays the WMAP spacecraft [11] measured
the amplitude of these angular fluctuations of the CMB temperature with extremely high
precision on a very broad range of angular scales, from 6 ~ 12’ up to the whole sky. The
temperature anisotropies and the existence of the acoustic peaks were predicted already long
ago [95, 125], but only now after BOOMERANG, MAXIMA, ARCHEOPS, WMAP and many ground
based experiments like CBI, ACBAR, VSA, etc. we do know their precise characteristics, with a
precision of better than 1% down to degree angular scales (see Fig. 1.2 and 1.3).

From all this observational evidence, in combinations with other pieces of information about
the Universe we live in (e.g. the Hubble Space Telescope Key Project [52] and the matter

3Like in the case of recombination the freeze-out of et e™-pairs is delayed because of the large entropy of the
Universe: CMB photons outnumber the residual baryons by at factor of ~ 6 x 10'°.
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Figure 1.2: CMB sky as observed by WMAP: presented is the WMAP Internal Linear Combination
CMB temperature map. The temperature fluctuations are consistent with a Gaussian-random field.
Slight residuals from foregrounds and our Galaxy may explain some of the irregular features (quadrupole
and octupole) close to the galactic plane. The Figure was taken from WMAP homepage.

power spectra as seen in the Lyman-« forest [40]) today a cosmological concordance model has
emerged and the main parameters have been determined with unprecedented accuracy. Today
cosmologists believe that the Universe is ~ 14 billion years old and very close to spatially flat.
It is composed of ~ 4.4% baryon, ~ 22% dark matter and ~ 73% dark energy and currently
expanding at a rate of ~ 1.2x 1078 s7! or equivalently has a present-day Hubble parameter of
Hy = T1km s~! Mpc™! (a more complete list of parameters including error bars can be found
in Bennett et al. [11]).

However, with respect to the temperature anisotropies scientists have gone an additional
step ahead since COBE: today also E-mode (curl-free) polarization has been observed, which
naturally follows from Thomson scattering of photons by moving electrons inside the LLS and
is of the order of ~ 10% of the temperature anisotropies at a given scale (for reviews on CMB
polarization see [139, 64] and references therein). The first detection was made by DASI on
1.3 — 0.2° angular scales at frequencies in the range 26 — 36 GHz [79, 78|, and later WMAP
obtained remarkable results for the temperature-polarization (T'E) cross-power spectrum at
multipoles [ < 400 [73] (see Fig. 1.3).

Except for the surprising fact that the WMAP results on polarization indicate a very early
time for reionization, F-mode polarization can be regarded as complementary information to
the T'T power spectrum (of course on small scales also interesting contributions due to lensing
arise [see 63, and references therein|). On the other hand people are also talking about B-mode
(divergence-free) polarization, which unlike E-mode polarization (in lowest order) cannot be
produced by scattering off moving electrons but only by tensor-perturbations (e.g. gravitational
waves). Although it is not clear on which level, if at all, B-mode polarization can be expected,
their detection would qualitatively push CMB science forward into new areas of physics, very
close to inflation. Such an observation especially due to foregrounds will be extremely difficult,
but scientists are very optimistic and are eagerly waiting for PLANCK to be launched.

As this short and definitely not comprehensive summary of CMB observations shows, after
the COBE results on the CMB spectrum scientists have focused a lot on the further investigation
of the CMB temperature anisotropies, beyond doubt with great success. In this thesis we are
mainly concerned with the spectral distortions of the CMB due to the interaction with the
matter in the Universe. In this context an important effect on the list of secondary anisotropies
is the SZ-effect [127, 128], which we will discuss in more detail below (Sect. 1.2.1). It is an
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Figure 1.3: WMmAP TT and TE power spectra: a great consistency of the CMB data with previous
CMB observation for the T'T" power spectrum is found. The position of the first acoustic peak is very
sensitive to the geometry of the Universe, which is mainly determined by the total energy density (at
least in cases close to spatial flatness). The ratio of the height of the first and second peak is mostly
depending on the baryon density. The gray areas indicate the uncertainties due to cosmic variance. The
Figure was taken from WMAP homepage.
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example, where a significant spectral distortion is associated with an anisotropic distribution
on the sky. In contrast to this, for spectral distortions resulting from heating of the CMB
photons in the early Universe one can expect that any anisotropy would be of second order.

1.2 Spectral distortions of the CMB

The limits on spectral distortion of the CMB obtained with COBE place severe constraints on
possible heating of the photons at high redshifts (z > 10). But before turning to the very early
Universe we give a short introduction on the SZ effect (For reviews see [130, 104, 15, 32]), since
we will encounter it many times in the work presented in this thesis.

1.2.1 The SZ effect

Considering a beam of electrons moving with velocity 3 = v/c relative to the isotropic CMB,
in first order of § < 1 only a change of the thermodynamic temperature (independent of
frequency) of the CMB photons is introduced due to the Doppler effect (at low redshifts recoil
is negligible for CMB photons). As mentioned above this is one of the sources for the observed
temperature anisotropies of the CMB. Here it is most important that the electron velocity field
is anisotropic. For isotropic electron distributions (with no global bulk motion relative to the
CMB rest frame) in first order of § the Doppler boosts average out and no net effect remains
(if the photons have no significant quadrupole anisotropy). On the other hand, if the electrons
move sufficiently fast (v ~ 0.1c) even in the isotropic case a net effect remains in second order
of 3. In this situation the change of the brightness temperature strongly depends on frequency.

The thermal SZ effect

Electrons with sufficiently large thermal velocities for example reside in the deep potential wells
of clusters of galaxies. The Comptonization of CMB photons by these hot electrons is usually
referred to as the thermal SZ effect (th-SZ) [141, 127, 128]. Using the Kompaneets equation
[75] one can obtain

x x
1
ALy (v, 1) =y °e [x c+

et —1 et —1

- 4} I(v) (1.1)

for the change of the CMB brightness due to a cluster of galaxies centered in the direction 7
as seen by an observer resting with respect to the CMB. Here = hv/k T} is the dimensionless
frequency, where Ty is the CMB temperature, and Iy(v) = i—’; ex”il denotes the CMB monopole
intensity. The Compton y-parameter is given by the line of sight integral over the electron

pressure

y:/k—TZNeJle, (1.2)
MeC
where o is the Thomson cross section, N, the electron number density and T, the electron
temperature. Clusters of galaxies typically have temperatures of a few keV, 0, = k Tp/mec? ~
0.01 and Thomson optical depths 7 = [ Nyordl ~ 0.01. Therefore a typical value of the
y-parameter for clusters is y ~ 1074

Figure 1.4 shows the spectral dependence of the change in the CMB brightness introduced
by the th-SZ as given by equation (1.1). In the Rayleigh-Jeans (RJ) part of the CMB spectrum
the th-SZ effect leads to a decrement, in the Wien part to an increment of the intensity.
The change of the intensity vanishes close to the cross-over frequency at v ~ 217 GHz. In
terms of brightness temperature the th-SZ lead to a temperature decrement AT /Ty = —2y
in the RJ region of the spectrum. As this approximation shows the th-SZ typically is one
or two orders of magnitude larger than the primordial temperature fluctuations. This implies
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Figure 1.4: Change of the CMB brightness due to the thermal and kinetic SZ effect in the non-
relativistic limit: the solid line shows the th-SZ for a cluster with electron temperature k7T, = 10keV,
the dotted line represents the k-SZ for a cluster moving with line of sight velocity 3. = 0.01 towards
the observer and the dashed line shows the superposition of both effects. For typical clusters the value
of the peculiar velocity is a factor of ~ 10 smaller, which reduces the importance of the k-SZ to less than
~ 10% of the th-SZ. The vertical line indicates the location of the cross-over frequency of the th-SZE.

that due to the th-SZ effect clusters of galaxies are (after our own Galaxy) one of the most
important and brightest foreground sources for CMB experiments devoted to studying the
primordial temperature anisotropies at arcminute angular scales. Given the strong and very
peculiar frequency-dependence of the SZ signature, it is possible to extract the contributions due
to SZ clusters and thereby open the way for deeper investigations of the primordial temperature
anisotropies, which for multipoles [ > 3000 are expected to be weaker than the fluctuations
due to clusters of galaxies.

The kinematic SZ effect

If the cluster of galaxies is moving with bulk velocity B_; relative to the CMB rest frame, then
similar to the generation of primordial temperature anisotropies a change in the brightness
temperature due to the Doppler effect arises. This change is proportional to the line of sight
component . of the clusters bulk velocity and is usually referred to as the kinetic or kinematic
SZ effect (k-SZ) [129]. The associated change in the CMB brightness as seen by an observer at
rest in the CMB rest frame is given by

T et

AIk(V, ﬁ) = Tﬁc,” —_1 Io(l/) . (13)

el‘
Depending on the sign of 3 (positive when the cluster moving towards the observer) the k-SZ
effect leads to a decrease or increase of the CMB temperature signal in the direction of the

cluster. A typical value for the amplitude of this effect is 7 3. ~ 1075, This implies that the
k-SZ effect usually is at least one order of magnitude smaller than the th-SZ. Although single
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Figure 1.5: Change of the CMB brightness due to the thermal SZ effect for hot clusters: the solid
curves shows the non-relativistic result for different values of the electron temperature as indicated. The
dotted and dashed curves were obtained with the generalized Kompaneets equation including first and
second order corrections in the electron temperature 6., respectively. At frequencies below the cross-
over frequency the first order correction is sufficiently accurate, but at high frequencies the second order
corrections lead to significant differences already in the case kT, = 10keV.

observations of the th-SZ effect have already been performed for several clusters [32, 103], an
accurate measurement of the k-SZ effect is still an experimental challenge.

Figure 1.4 also shows the spectral dependence of the k-SZ (for illustration purposes we
chose a rather large value of the peculiar velocity). Here it is most important that unlike the
th-SZ effect the k-SZ effect does not vanish at the cross-over frequency. Observing close to this
frequency the k-SZ effect will dominate the cluster-induced change in the CMB intensity and
therefore in principle offers a way to determine the clusters line of sight peculiar velocity.

Cosmology with the SZ effect

Once imprinted onto the CMB the temperature change caused by the SZ effect remains unaf-
fected by cosmological dimming. This is due to the fact that at larger redshift the temperature
of the CMB monopole is higher by a factor of (1 + z). On the other hand a photon emitted
at frequency v will reach the observer at z = 0 redshifted by (1 + z), implying that the ratio
v(z)/T(z) does not change with redshift. Therefore one can expect to find clusters up to very
high redshifts (z > 1), where X-ray observations may already be extremely difficult. This offers
a powerful tool to probe the formation of large scale structure at early times [76].

Furthermore combining SZ with X-ray observations and knowlegde about the redshift of
the cluster one can determine the Hubble constant independent of the usual cosmic distance
ladder. This is possible due to the different scalings of the X-ray luminosity (o< N2v/T,) and the
SZ effect (x N, T,) with the electron temperature and number density, which allows a direct
measurement of the angular diameter distance. This kind of determination has been performed
for several clusters yielding values of the Hubble constant comparable with those from other
methods [14, 32, 103].
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Relativistic corrections to the SZ effect

If the temperature or peculiar velocity of the SZ cluster are large, higher order corrections
to the kinetic equation for Compton scattering have to be taken into account. Starting from
the Boltzmann collision integral for Compton scattering one can perform Fokker-Planck type
expansions in the dimensionless electron temperature 8, = k T, /mec2 and velocity ﬁc. These
expansions lead to a generalized form of the Kompaneets equation and have been performed
by several groups [105, 30, 67, 91, 111] in different orders of 6, and ﬁc. Using the generalized
Kompaneets equation one can easily obtain analytic expression for the relativistic corrections
to the SZ effect.

It is important to note that these corrections usually have a strong frequency dependence.
Therefore even for temperatures 6, ~ 0.01 corrections of the order of ~ 10% arise. Furthermore,
the convergence of these expansions is very slow. At large frequencies x > 1 one usually has
to take many correction orders into account to obtain an accurate description of the SZ effect.
Figure 1.5 illustrates this behaviour. Due to this feature one may even try to detemine the
cluster temperature independent of X-ray observations [3], given sufficiently accurate multi-
frequency observations of the th-SZ effect.

Other sources of SZ like contributions

Many groups have worked on the extensions of the SZ effect. Whenever one encounters moving
electrons at low redshifts the scattering of CMB photons leads to a SZ like change of the
temperature. One obvious possiblity is the motion of the gas inside clusters. Every cluster has
grown by mergers of smaller groups and clusters of galaxies. These mergers should induce some
large scale motion of the gas inside the cluster, which then will decay in a turbulent cascade
to smaller and smaller scales. Indications of turbulent motion of the intracluster gas where
found recently in X-ray observations of the Coma cluster [116]. After a recent major merger
one simple possiblity is a coherent rotation of the intracluster gas as has been discussed by
Chluba & Mannheim [33]. This kind of large scale rotation leads to a small dipolar contribution
to the k-SZ effect.

Other interesting possiblities are the SZ by ultra-relativistic electrons [49] in radio bubble
inside clusters [99] and the SZ effect for anisotropic electron distributions due to magnetic
fields [57]. All the processes mentioned here usually should lead to a change of the CMB
temperature which is at least one or two order of magnitude smaller than the main SZ effect as
discussed above. Observing these signature is potentially very interesting, but requires a very
good understanding of systematics and foregrounds.

1.2.2 Spectral distortion due to energy release in the early Universe

In the past, the time evolution of spectral distortions in the non-relativistic case has been
discussed in great detail, both numerically and analytically by several people [126, 65, 46, 25,
59]. In this Section we shall give a short overview about the thermalization of CMB spectral
distortions after energy release at early epochs.

Kinetic equilibrium with respect to Compton scattering

Our Universe is characterized by an extremely large entropy: CMB photons outnumber baryons
and electrons by at factor of ~ 6 x 100, This fact makes it exceedingly difficult to distort the
CMB spectrum at high redshifts. In the previous Section we have discussed the th-SZ effect
associated with the hot electrons inside clusters of galaxies. Here one encounters a situation,
in which the electrons due to gravitational collapse were heated up to high temperatures,
exceeding the CMB temperature typically by more than eigth orders of magnitude. Due to
this huge temperature difference the CMB photons gain energy from the electrons by inverse
Compton scattering. Using equation (1.1) one can easily show that the change of the photon
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Figure 1.6: Limits on the lifetimes of decaying relict particles: here mx is the mass of particle and n,,
and nx are the number density of the photons and the particle of species X at the begining of heating,
respectively. f is the fraction of the released energy that eventually leads to heating. The solid line
shows the numerical result, whereas the other two lines show the analytical estimates of thermalization
including double Compton (dc¢) and Bremsstrahlung (br). The Figure was taken from Hu & Silk [59].

energy density is given by dp,/p, = 4y. Since the y-parameter is y < 1 the photons and
electrons could not reach kinetic equilibrium: the effects due to Compton scattering vanish when
the temperatures of the electrons and photons are equal, i.e. T, = T’,, and the photons follow
a Bose-Einstein distribution with photon occupation number, ngg = 1/[e*# — 1], where p is
the constant dimensionless chemical potential. Typically y > 0.25 is needed to acheive kinetic
equilibrium between the electrons and photons. Going to redshifts beyond recombination the
integrated Compton y-parameter strongly increases and will at some point exceed this value.
Heating the electrons (or photons) at higher redshifts by some process will therefore lead to a
Bose-Einstein distribution at z = 0.

Inclusion of photon production due to double Compton and Bremsstrahlung

Until now we have not included any process, that can change the number of photons, but
without any such process the CMB spectrum cannot be thermalized to a pure blackbody. Since
Compton scattering conserves the number of photons, heating only changes the energy density
of the photons and in kinetic equilibrium with resect to Compton scattering results in a Bose-
Einstein distribution with g > 0 due to the deficit of photons with respect to a blackbody
of the same energy density. In the cosmological context two processes are most important:
Bremsstrahlung (BS) and double Compton scattering (DC). In this context it is very important
that BS fails to compeat with DC emission at redshifts larger than z4c 1,s ~ few x 10°. This again
is due to the large entropy of the Universe. Including these processes into the calculation one
can distinguish between the following four regimes for the residual CMB spectral distortions
arising from a single energy injection, dp,/p~, at heating redshift zy, [25, 62]:

(a) zn < zy ~ 6.3 x 103: Compton scattering is not able to establish kinetic equilibrium
with the electrons. Photon producing effects (mainly BS) can only restore a Planckian
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spectrum at very low frequencies. Heating results in a Compton y-distortion at high
frequencies like in the case of the th-SZ effect, with y-parameter y ~ %5/}7 /P~ -

(b) zy < zn < zZech ~ 2.9 X 10°: Compton scattering can establish partial kinetic equilibrium
with the electrons. Photon produced at low frequencies (mainly BS) upscatter and dimin-
ish the spectral distortion at high frequencies. The deviations from a blackbody represent
a mixture between a y-distortion and a chemical potential distortion.

() zch < 2n < Zth ~ 2 X 105: Compton scattering can establish full kinetic equilibrium
with the electrons at high redshifts. Low frequency photons (mainly due to DC emission)
upscatter and efficiently reduce the spectral distortion at high frequencies. The devia-
tions from a blackbody can be described as a Bose-Einstein distribution with frequency-
dependent chemical potential, which is constant at high and vanishes at low frequencies.

(d) ztnh < zn: Both Compton scattering and photon production processes are extremely effi-
cient and restore any spectral distortion arising after heating.

In general one has to solve the thermalization problem numerically, especially for large
injections of energy close to the thermalization redshift zy, and in the redshift regime (b). For
the cases (a) and (c) simple analytic approximations were obtained [see e.g. 25, 59] in the limit
of small spectral distortions. The COBE/FIRAS instrument placed strict upper limits [50, 51]
on a possible chemical potential, |u| < 9 x 1075, and y-type, |y| < 1.5 x 107°, CMB spectral
distortions. Nevertheless, the great spectral sensitivity of future CMB experiments like ARCADE
[74] and DIMES [72] will tighten these limits even more and therefore tiny deviations from the
blackbody spectrum might become measurable.

Possible sources for energy release

Using these observational limits one can constrain the amount of energy which could have
been injected at a given heating redshift. Possible mechanisms of heating include the decay of
unstable relict particles [59], particle annihilation [86], heating due to turbulent motion or the
dissipation of acoustic waves [126, 45, 60]. In Figure 1.6 as an example we present the limits on
the lifetimes of unstable relict particles in the low density universe [59]. For decaying particles
with liftimes tx > 107 s the CMB provides tight contraints on the possible mass and number
density of these particles, whereas for shorter lifetimes the CMB does not give strong limits,
since in this case energy release is taking place at redshifts beyond the thermalization redshift
for DC scattering. Note that the thermalization redshift for BS is much larger.

It is obvious, that the residual CMB spectral distortions depend on the detailed history
of heating. The simplest modification from single heating is to assume two periods of energy
release. As Burigana & Salvaterra [26] show, observationally it is quite demanding to distinguish
between single or double injection.

1.3 In this Thesis

In the previous Sections we have sketched the important parts of the framework for the main
subjects of this thesis. We were studying three new ideas within the context of CMB spectral
distortions. Due to the different nature of the effects discussed in this thesis we decided that it
is better to give a separate short motivation at the beginning of each Chapter, but for overview
let us mention some of the underlying ideas.

In Chapter 2 we discuss another relativistic correction to the SZ effect, which has been
neglected in the literature so far. This correction is related to the motion of the Solar System
with respect to the CMB rest frame. Due to the Doppler effect the motion of the Solar System
introduces a spectral distortion of the main CMB cluster signal, which is similar to the first
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order temperature correction of the k-SZ. This signal can be easily taken into account in future
SZ analysis, since it can be prediced with high accuracy.

The results presented in Chapter 3 are based on the simple idea that the superpostion of
blackbodies with different temperatures is not again a blackbody. Therefore any observation
of the CMB sky with finite angular resolution will lead to an unavoidable spectral distortion.
We show here that in the limit of small fluctuations of the temperature the deviations from a
blackbody are given by a y-type distortion. We also discuss the possibility to utilize the spectral
distortions due to the superposition of blackbodies for calibration purposes, which is one of the
most important issues for the future extraction of any small frequency-dependent signal.

Until now the thermalization of CMB spectral distortions in the early Universe has only been
discussed using a non-relativistic formulation of the problem. Especially at high redshifts, i.e.
for the evolution of chemical potential distortions, relativistic corrections to the main processes
at work may start to play an important role. Here we want to provide two important steps
towards a solution of this problem.

In Chapter 4 we therefore first study the full kinetic equation for the time evolution of the
photon phase space density in hot, isotropic plasma under double Compton scattering, both
numerically and analytically. In the context of spectral distortions, until now DC emission
was only used in the limit of cold electrons and soft incident photons. Here we derive ana-
lytic approximations for the DC Gaunt factor, which are applicable in a very broad range of
parameters.

Finally in Chapter 5 we reexamine the formulation of the thermalization problem in a hot
thermal plasma (see Sect. 5.1). We then make use of the analytic approximations obtained in
Chapter 4 and solve the problem for the thermalization of small chemical potential distortions
at high redshifts analytically. These analytic results clearly show, that due to relativistic correc-
tions the thermalization of chemical potential distortions slows down notably. Unfortuneately,
although potentially very interesting, a numerical solution of the full thermalization problem
turns out to be very difficult and so far our attempts have not lead to conclusive results.
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Chapter 2

S7Z clusters of galaxies: influence of
the motion of the Solar System

Within the next 5 years, several CMB experiments like ACBAR, SzZA, PLANCK, SPT, ACT,
APEX, AMI and QUIET will perform deep searches for clusters with sensitivity limits at the
level of 1 — 10 mJy and in the future CMB missions such as CMBPOL should reach sensitivities
20-100 times better than those of PLANCK by using currently existing technology [37]. Many
tens of thousands of clusters will be detected allowing us to carry out detailed studies of cluster
physics and to place constraints on parameters of the Universe like the Hubble parameter and
the baryonic matter, dark matter and dark energy content [for reviews see 130, 104, 15, 32].

Motivated by the rapid developments in CMB technology, the purpose of this Chapter is
to take into account the changes in the SZ signal that are induced by the motion of the Solar
System relative to the CMB rest frame. These changes are connected to the Doppler effect and
aberration and exhibit a strong spectral and spatial dependence.

Assuming that the observed CMB dipole is fully motion-induced, its amplitude implies that
the Solar System is moving with a velocity of 3, = v,/c = 1.241 - 1073 towards the direction
(1,b) = (264.14° £0.15°,48.26° £0.15°) [119, 131, 50]. As will be shown here, in the lowest order
of 3, the motion-induced correction to the thermal SZ effect (th-SZ) exhibits an amplitude and
spectral dependence, which is similar to the first order (. correction to the th-SZ, i.e. the
SZ signal o< T 3. kTs/mec?, where 7 is the Thomson optical depth. On the other hand the
observer’s frame transformation of the kinetic SZ effect (k-SZ) leads to a much smaller y-type
spectral distortion with effective y-parameter o 7 3. (. Since both the amplitude and direction
of the motion of the Solar System are well known the corrections we are discussing here are
fully determined and can be easily taken into account in the process of estimation of the key
cluster parameters.

Future CMB experiments like PLANCK, SPT and AcCT will only partially resolve the central
regions for a large fraction of the detected clusters. Below we will consider two cases (i) when
future multi-frequency CMB experiments will be able to resolve clusters of galaxies and (ii)
when their angular resolution will not allow to study the clusters structures in detail. Therefore
here we are not only discussing the change in the brightness of the CMB in the direction of
a cluster but also the corrections to the flur as measured for unresolved clusters due to both
the motion-induced change of surface brightness and the apparent change of their angular
dimension. All these changes are connected to the Doppler effect and aberration, which also
influence the primordial temperature fluctuations and polarization as discussed by Challinor
& van Leeuwen [31].

Another important consequence of the motion of the Solar System with respect to the CMB
rest frame is a dipolar anisotropy induced in the deep number counts of sources. This effect
was discussed earlier in connection with the distribution of ~-ray bursts [82, 115] — identical
to the Compton-Getting effect [39] for cosmic rays — and radio and IR sources [48, 8, 17]. The
motion-induced change in the source number counts strongly depends on the slope of the log N-



14 S7 CLUSTERS OF GALAXIES: INFLUENCE OF THE MOTION OF THE SOLAR SYSTEM

log F' curve and the spectral index of the source [48], which makes it possible to distinguish
the signals arising from different astrophysical populations. Here we show that a similar effect
arises for the number counts of SZ clusters. Due to the very peculiar frequency-dependence of
the th-SZ, the number of observed clusters in a direction of the sky can be either decreased or
increased depending on the frequency band. The work presented in the Chapter was accepted
for publication in Astronomy and Astrophysics and was done in collaboration with Gert Hiitsi
and Rashid Sunyaev [35].

2.1 General transformation laws

A photon of frequency v propagating along the direction n = (¢, ) in the CMB rest frame S
due to Doppler boosting and aberration is received at a frequency v’ in the direction n’ = (¢, ¢’)
by an observer moving with the velocity 3, = v,/c along the z-axis:

’ / w =B
v =" (1—-Bop’) v
Here v = 1/4/1 — 32 is the Lorentz factor, ;1 = cos® and all the primed quantities’ denote
the corresponding variables in the observer’s frame S’. It was also assumed that the z’-axis
is aligned with the direction of the motion. For a given spatial and spectral distribution of
photons in S, in lowest order of 3, the Doppler effect leads to spectral distortions, whereas due
to aberration the signal on the sky is only redistributed.

(2.1)

Transformation of the spectral intensity

The transformation of the spectral intensity (or equivalently the surface brightness) I(v,7) at
frequency v and in the direction 7 on the sky into the frame S’ can be performed using the
invariance properties of the occupation number, n(v, @) = I(v, 1) /v3:

V3

I,(V/,ﬁ,) = ﬁ[(l/, ﬁ) . (22)
Here I'(V/,7') is the spectral intensity at frequency v’ in the direction 7’ as given in the rest
frame of the observer. In the lowest order of 3, it is possible to separate the effects of Doppler

boosting and aberration:
', iy=I10 7))+ Alp(V, i) + AIx(V, 7). (2.3a)
with the Doppler and aberration correction
AILW, 7)) = Bop [3 =10, ] I(V,iT) (2.3b)
AN 7Y & Bo /1 — (2 0 I(V 7). (2.3c)

Equation (2.3b) only includes the effects due to Doppler boosting, whereas (2.3c) arises solely
due to aberration.

With (2.3) it becomes clear that in the first order of 3, any maximum or minimum of the
intensity distribution on the sky will suffer only from Doppler boosting. This implies that due
to aberration the positions of the central regions of clusters of galaxies will only be redistributed
on the sky: in the direction of the motion clusters will appear to be closer to each other while
in the opposite direction their angular separation will seem to be bigger.

Another consequence of the observer’s motion is that a cluster with angular extension A < 1
in S will appear to have a size A’ = A[l — 3, ] in the observer’s frame S’. Here 3, | = B, 1/

In the following, prime denotes that the corresponding quantity is given in the rest frame of the moving
observer.
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Figure 2.1: Frequency dependence of the SZ brightness due to the non-relativistic th- and k-SZ and
the corresponding corrections induced by the motion of the Solar System relative to the CMB rest frame
for a cluster with electron temperature kT, = 5.1keV, which is moving with 3. = 1073 towards the
observer and is located at the maximum of the CMB dipole, i.e. 8, = 1.241 - 1073, The first order B,
correction to the th-SZ (dash-dotted line in the left panel) is shown. Note that for convenience all the
velocity corrections are multiplied by a factor as given in the labels.

is the line of sight component of the Solar System’s peculiar velocity. Therefore in S’ a cluster
will look smaller by a factor of 1 — 3, in the direction of the motion and bigger by 1+ 3, in the
opposite direction. This implies that in the direction of the observer’s motion, cluster profiles
will seem to be a little steeper and more concentrated.

Transformation of the measured flux

The spectral flux F (v, ng) from a solid angle area A in the direction ng on the sky in S is given
by the integral F(v,ng) = fA I(v,m) po dQ2, where we defined pg = n - ng. If one assumes that
the angular dimension of A is small, then using (2.3) in the observer’s frame S’ the change of
the flux due to Doppler boosting and aberration is given by

AFL (V' mg) = By [3— 100 F(V ng) (2.4a)
AFA (V' ,np) = By /A 02 0p1(v',m')d6’ d¢’ (2.4b)

respectively. Assuming that the area A contains an unresolved object, that contributes most
of the total flux and vanishes at the boundaries of the region, then the term arising due to
aberration only can be rewritten as

AF\(V,np) = -2 Bo,| F(/',ng). (2.5)

This can be understood considering that in the direction of the motion the solid angle covered
by an object is smaller by a factor [1 — ﬁo,ll]2 ~1—20,. In this case the total change in the
spectral flux F’'(v/, n() is
AF F'(V,ny) — F(V,ng)
F F(v,nf)

(2.6)

5 [1 alnF]
= Mol :

-~ 9In

For a pure blackbody source of temperature T' this leads to AF/F = 3, [zlez - 2}, with

e’ —1
dimensionless frequency z' = ht//kT. In the RJ region of the CMB spectrum it therefore
follows: AF/F = —f3, .
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Integrating the flux F’(v/,n{) over frequency v’ it is straightforward to obtain the change
of the total bolometric flux F} (n{) = [ F'(v/,n{)dV in the observer’s frame S”:
AFbo _ Fyo(ng) = Fhol(rg)
Fhol Fhol(ng)

This result can also be easily understood considering the transformation law for the total
bolometric intensity I = [I(v)dv, i.e.

=205, (2.7)

I/ — IbOl
L (1 = Bt

and the transformation of the solid angle dQ’ = [y(1 — Bop/)]% d€2.

(2.8)

Transformation of the number counts

Defining %(F ,7) as the number of objects per solid angle d2 above a given flux F' at some
fixed frequency v and in some direction 77 on the sky in the CMB rest frame S, the corresponding
quantity in the observer’s frame S’ may be written as

dg (2.9)

N i) = W
—aaVMaa

aoy )

where F' and n are functions of F’ and n’. Now, assuming isotropy in S, in the first order of
Bo,| One may write

dN' _, . dN AF 0ln N (F)
dQ/(F/’n/)%E(FI)X 1—|—2/607||—?61CITQI?I s (210)

with AF = F/ — F. For unresolved objects AF/F is given by equation (2.6). Here we made
use of the transformation law for the solid angles and performed a series expansion of %(F )
around F”.

If one assumes fli—g(F) o« F™ and F(v) o< v™%, it is straightforward to show that for
unresolved sources

AN’ . dN
ao ) ® g

(F') [14 Boj 2+ A1+ a])] . (2.11)

This result was obtained earlier by Ellis & Baldwin [48] for the change of the radio source
number counts due to the motion of the observer. Depending on the sign of the quantity
¥ = 2+ Al + o] there is an increase or decrease in the number counts in a given direction.
However, in the case of clusters, « is a strong function of frequency, which makes the situation
more complicated.

2.2 Transformation of the cluster signal

For an observer at rest in the frame S defined by the CMB the change of the surface brightness
in the direction 7 towards a cluster of galaxies is given by the sum of the signals due to the
th-SZ, I4h (v, 1) and the k-SZ, I (v, 7):

Is7(,7) = Ten(v, @) + L (v, 7). (2.12)

In the non-relativistic case these contributions are by equations (1.1) and (1.3), respectively.
Here we are only interested in the correction to the intensity in the central region of the cluster,
where the spatial derivative of y is small and the effects of aberration may be neglected. In the
outer parts of the cluster also changes due to aberration arise.
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Change of the SZ cluster brightness
Using equations (2.3b) and (1.1) and (1.3) one may find

!
x'e®

et —1

AI]/lth(Vla ﬁ/) = yIO(V/) Cth(x/) Bo (2.13a)

/
x'e®

Al (W, 7') = 7 6e To(V) . Ci(2") - Bo pt/ (2.13b)

er —

for motion-induced change of the cluster brightness. Here the functions Ciy, (%) and Cx(Z) are

defined by
1
Con(2) =4 —6X 4+ X%+ 552 (2.14a)

Cu(i) =X —1, (2.14b)

with the notations X = x coth(5) and S = x/sinh(5).

In Fig. 2.1 the spectral dependence of Al I/D,th and AII')J( is illustrated. The transformation
of the th-SZ leads to a spectral distortion which is very similar to the first order 8. correction
to the th-SZ. In the Rayleigh-Jeans limit Cy,(Z) — —2 and therefore is 5 times bigger than the
fc correction to the th-SZ. The maximum/minimum of AIf,,, is at = 7.97/3.31 and AIf
vanishes at x = 5.10 (z = 1 corresponds to v = 56.8 GHz). In the direction of the dipole max-
imum, due to the strong frequency-dependence of Cy, the motion-induced correction, Alf ,,
reaches percent level with respect to the th-SZ signal close to the crossover frequency x. = 3.83
and at frequencies above z > 10.7. The maximum/minimum of AI{) , is at z = 7.97 /3.31. On
the other hand the transformation of the k-SZ leads to a y-type sf)ectral distortion with the
corresponding y-parameter yxin = 7 0| Bo w' ~ 1078 4. In the Rayleigh-Jeans limit Cy (%) — 1
instead of —2 for a pure y-distortion. Again due to the strong frequency-dependence for a clus-
ter located in the dipole maximum the motion-induced correction Af 1'371( reaches percent level
with respect to the k-SZ signal at frequencies z > 9.1. The maximum of AI{), is at x = 5.10.
Fig. 2.1 clearly shows that the motion-induced correction to the th-SZ easily reaches the level
of a few percent in comparison to the k-SZ (e.g. at ¥ = 400 GHz it contributes ~ 14% to the
k-SZ signal for a cluster with kT, = 5.1keV and 3. = 1073).

Change of the SZ cluster flux

In order to obtain the motion-induced change of the fluz for unresolved clusters one has to
integrate the surface brightness over the surface of the cluster. In the following we neglect the
k-SZ, since its contribution only becomes important close to the crossover frequency. Then
it follows that AF(v, ) o< Al(v, 1), implying that dln F/dIlnv’ = dlnI/dIna’. Comparing
equations (2.3b) and (2.13) one can define the effective spectral index of the SZ signal by
din F(2')  Cen(2')
dinz’  Yo(2!)
with Yp(z) = X — 4. Using equation (2.15) one can write the CMB central brightness, fluz and
number count for unresolved clusters as

-3, (2.15)

L) = Tsg(W, ) [L+ Bo sl (3 + )] (2.16a)
A‘F/SZ(V/a ﬁ/) = AFSZ(V/, ﬁl) [1 + 5o Hl(l + Oé)] (216b)
dNéZ A A dNSZ / ’
4y ( 7n) - do (F) [1+/60M2:| ) (2160)
dN /
with ¥ =2+ A(1+a) and A = —%";/F). Fig. 2.2 shows the change of the central brightness

and the flux for an unresolved cluster. It is obvious that only in the RJ region of the CMB
spectrum the SZ brightness and flux do follow a power-law. The change of the number counts
will be discussed below (see Sect. 2.3.1).
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Figure 2.2: Motion-induced change of the CMB spectral brightness Al and flux AF for a cluster
of galaxies at rest with respect to the CMB. Left panel: Absolute change of the cluster brightness
(solid line) with Xy = 2.70 x 10! ymJy/sr and the flux for an unresolved cluster (dashed line) with
Xo =717 (y/107*r2) | (r¢/30")? mJy, where . is the core radius and where (u),, = [ udQ/4m denotes

c/cl

the cluster average of the quantity u. Right panel: Relative change of the brightness (solid line) and
flux for an unresolved cluster (dashed line). Here AI/T = 3o i/ (3 + «) and AF/F = G, i/ (1 + «).

2.3 Multi-frequency observations of clusters

The observed CMB signal in the direction of a cluster consists of the sum of all the contribu-
tions mentioned above, including the relativistic correction to the SZ effect. Given a sufficient
frequency coverage and spectral sensitivity one may in principle model the full signal for even
one single cluster, but obviously there will be degeneracies which have to be treated, especially
if noise and foregrounds are involved. Therefore it is important to make use of the special
properties of each contribution to the total signal, such as their spectral features and spatial
dependencies.

One obstacle for any multi-frequency observation of clusters is the cross-calibration of dif-
ferent frequency channels. Some method to solve this problem was discussed in Chluba &
Sunyaev [34] using the spectral distortions induced by the superposition of blackbodies with
different temperatures. In the following we assume that the achieved level of cross-calibration
is sufficient. For more information on observational issues in the detection and analysis of the
SZ effect see Birkinshaw & Lancaster [16].

The largest CMB signal in the direction of a cluster (after elimination of the CMB dipole)
is due to the th-SZ. In order to handle this signal one can make use of the zeros of the spectral
functions describing the relativistic corrections. In addition, future X-ray spectroscopy will
allow us to accurately determine the mean temperature of the electrons inside clusters. This
additional information will place useful constraints on the parameters describing the th-SZ and
therefore may allow us to extract the effects connected to the peculiar velocities of the cluster
and the observer.

The temperature difference related to the non-relativistic k-SZ is frequency-independent
and therefore may be eliminated by multi-frequency observations. As mentioned above (see
Fig. 2.1) the motion-induced spectral distortion to the th-SZ has an amplitude and spectral
dependence, which is very similar to the effect related to the first order 3. correction to the
th-SZ. Therefore it will be difficult to distinguish these two contributions to the SZ signal for
one single cluster without prior knowledge about its peculiar velocity. For many clusters on the
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other hand one can expect that the signals proportional to 3 average out. This implies that
for large cluster samples (~ 103 — 10%) only the signals related to the th-SZ are important.
2.3.1 Dipolar asymmetry in the number of observed clusters

Integrating (2.16¢) over solid angles leads to the observed number of clusters in a given region
of the sky. If one assumes that the observed region is circular with radius 6/ centered on the
direction n{ = (¢, 6],) then the total observed number of clusters is given by

Nz (F') = Nszer (F') |1+ Bo 1o , (2.17)

where Ngz o (F " =4rm dé\gz 1_—2‘4 is the effective number of clusters inside the observed patch
with fluxes above F’, u. = cos @, and pf, = cos . For two equally sized patches in separate
directions on the sky the difference in the number of observed clusters will then be

L+
2

AN’ = B, Nsz, et Aptg 5, (2.18)
with Apg = g1 — po o, Where iy, = cost; for patch i. Centering the first patch on the
maximum and the second on the minimum of the CMB dipole leads to the maximal change in
the number of observed clusters at a given frequency (Au(, = 2). To estimate the significance
of this difference we compare AN’ to the Poissonian noise in the number of clusters for both
patches, which is given by [Néz’1 + NéZQ]l/2 ~2 \/iNslé’zeﬂp. To obtain a certain signal to noise
level ¢ the inequality

4q
Bo |Z| A [+ ] /1 — > N (2.19)

has to be fulfilled. We defined Ngyz ¢ = 47 déVSZ as the number of clusters on the whole sky above
a given flux level F’. Here two effects are competing: the smaller the radius of each patch, the
smaller the number of observed clusters above a given flux but the larger the effective <Bo7||>.
The optimal radius is 8; ~ 70° but for a given ¢ and sensitivity the size in principle can be
smaller.

2.3.2 Estimates for the dipolar asymmetry in the cluster number counts

In this section we present results for the SZ cluster number counts using a simple Press-
Schechter [98] prescription for the mass function of halos as modified by Sheth et al. [117] to
include the effects of ellipsoidal collapse. For simplicity we assume that all the clusters remain
unresolved.

Since here we are interested in unresolved objects we only need to specify the cluster mass-
temperature relation and baryonic fraction. For the former we apply the frequently used scaling
relation and normalization as given by Bryan & Norman [24], whereas for the latter we simply
assume a universal value of Qy,/€y,, which is rather close to the local values as derived from X-
ray data [e.g. 88] independent of cluster mass and redshift. We note that these two assumptions
are the biggest source of uncertainty in our calculations and the use of them is only justified
given the lack of current knowledge about the detailed evolution of the baryonic component in
the Universe. In spite of these gross simplifications our results on cluster number counts agree
very well with those obtained in state-of-the-art hydrodynamical simulations by Springel et al.
[123] and White et al. [136] as demonstrated in Fig. 2.3. Here the counts are calculated for
the ACDM concordance model [121] assuming an observing frequency of 150 GHz. The first
set of simulations included only adiabatic gas physics, whereas for the second also gas cooling
and feedback from supernovae and galactic winds were taken into account. We also plot the
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Figure 2.3: log N-log F: Number of unresolved clusters per square degree with flux level above F' at
observing frequency v = 150 GHz. The solid line shows the modified Press-Schechter prescription as
used in this work.

results obtained by Rubifio-Martin & Sunyaev [107] using Monte-Carlo simulations based on a
Press-Schechter approach. In the estimates presented below we will use the curve given by the
solid line in Fig.2.3, which in the most interesting range of lower flux limits (1 mJy -10 mJy)
has an effective power-law slope in the range A ~ 1.10 — 1.25.

In Fig. 2.4 we compare the motion-induced dipolar asymmetry in number counts as a
function of the observing frequency using the optimal patch radius 6, = 70° for both sides of
the sky with the 1o Poisson noise level for the two lower flux limits of 1mJy and 10 mJy. In
addition we mark the regions where we expect an increase of the number of negative sources
and a decrease/increase of the number of positive sources, respectively, if one is observing only
in the direction of the maximum of the CMB dipole. It is important to note that the motion-
induced change in the cluster number counts vanishes at frequencies v ~ 300 GHz. The exact
value of this frequency depends both on the slope of the number count curve and the spectral
index.

Fig. 2.5 presents the sensitivity limits where the motion-induced signal is equal to the
30 and bo Poissonian noise levels for different observing frequencies. One can see that the
most promising frequencies for a detection of the motion-induced asymmetries are around the
crossover frequency (i.e.~ 217 GHz) and in the range v ~ 400 — 500 GHz. Clearly, for a proper
modeling near the crossover frequency one has to take into account the contribution from the
k-SZ, which has been neglected so far. It is evident that the k-SZ is contributing symmetrically
to channels around 217 GHz in the sense that the number of positive and negative sources is
approximately equal. On the other hand in the range v ~ 400 — 500 GHz other astrophysical
sources start to contribute to the source counts (see Sect. 2.3.3).

2.3.3 Source count contribution from non-SZ populations

In the range v ~ 400 — 500 GHz, which is the most promising for a detection of the motion-
induced number count asymmetry, other foreground sources begin to play a role, e.g. dusty
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high redshift galaxies [18]. In the microwave band these galaxies have an extremely peculiar
spectrum F'(v) oc v~ with ag ranging from —3 to —4. Using formula (2.10) it is easy to
show that the observed properties of this population will also be influenced by the motion
of the Solar System, but in a completely different way than clusters: in the direction of our
motion relative to the CMB rest frame their brightness and fluxes decrease when for clusters
they increase. This implies that in the frequency range v ~ 400 — 500 GHz the motion-induced
dipolar asymmetry in the number counts for these sources has the opposite sign in comparison
to clusters, i.e. AN} < 0 when AN/, > 0. Detailed multi-frequency observations should allow
us to distinguish the source count contributions of these two classes of objects, but nevertheless
it is interesting that they have a different sign of the motion-induced flux dipole.

2.4 Summary and discussion

We derived the changes to the SZ cluster brightness, flux and number counts induced by the
motion of the Solar System with respect to the CMB rest frame. Since both the amplitude and
direction of this motion are known with high precision it is easy to take these changes into
account in the analysis and interpretation of future SZ data.

The corrections to the SZ cluster brightness and flux have a similar spectral dependence and
amplitude as the first order velocity correction to the th-SZ (see Fig. 2.1). Since the motion-
induced cluster signal can contribute ~ 10% of the k-SZ it might be necessary to take it into
account in future high precision CMB surveys, dedicated to accurately measuring the line of
sight component of the cluster peculiar motions.

The dipolar asymmetry induced in the SZ cluster number counts in contrast to the counts
of more conventional sources can change polarity depending on the observational frequency
(see Sect. 2.3.3). This behavior is due to the very specific frequency dependence of the SZ
effect. Our estimates show that frequencies around the crossover frequency ~ 217 GHz and in
the range ~ 400 — 500 GHz are most promising for a detection of this motion-induced number
count asymmetry (see Fig. 2.5).



Chapter 3

Spectral distortion of the CMB and
the superposition of blackbodies

The CMB angular temperature fluctuations observed by COBE and WMAP enable us to place
a lower limit on the spectral distortions of the CMB at any angular scale. These distortions are
connected with the simple fact that the superposition of blackbodies with different temperatures
in general is not a blackbody. In this Chapter we show that in the limit of small temperature
fluctuations the superposition of blackbodies leads to a y-type spectral distortion.

It is commonly assumed that the spectrum in one direction of the sky is Planckian and
that only the temperature changes from point to point. This follows from the nature of the
main effects leading to the appearance of these fluctuations, i.e. the Sachs-Wolfe-effect [109]
and the Doppler effect due to Thomson scattering off moving electrons [125] at redshift ~ 1100.
However, as will be demonstrated below, there are spectral distortions in the second order of
AT/T. These distortions are inevitable when the CMB is observed with finite angular resolution
or when regions on the sky containing blackbodies with different temperatures are averaged or
compared with each other.

The CMB missions mentioned in the introduction have shown that there are fluctuations
of the radiation temperature on the level of AT ~ pK—mK over a broad range of angular
scales. Any experiment trying to extend the great success of the COBE/FIRAS instrument, will
only have a finite angular resolution and would therefore observe a superposition of several
Planck spectra with different temperatures corresponding to the maxima and minima on the
CMB sky as measured with WMAP. One may distinguish two basic observational strategies:
(i) absolute measurements, where the beam flux in some direction on the sky is compared to
an internal calibrator (COBE/FIRAS) and (ii) differential measurements, where the beam flux
in one direction on the sky is compared to the beam flux in another direction (COBE/DMR or
WMAP). In the first strategy one observes a sum of blackbodies (SB) due to the average over the
beam temperature distribution, whereas in the second two sums of blackbodies are compared
with each other. Under these circumstances we will in general speak about the superposition
of blackbodies, i.e. the sum and difference of blackbodies with different temperatures.

Any experiment trying to extent the great success of the COBE/FIRAS instrument, which
placed strict upper limits [50, 51] on a possible chemical potential [126], |u| < 91075, and
y-type [141], ly| < 1.5-107%, CMB spectral distortion, will only have a finite angular resolution
and would therefore observe a superposition of several Planck spectra with different temper-
atures corresponding to the maxima and minima on the CMB sky as measured with WMAP.
It is known [142] that in the case of a Gaussian temperature distribution this will lead to
a spectral distortion indistinguishable from a y-distortion, with a corresponding y-parameter
which is proportional to the dispersion of the temperature distribution. Since the temperature
fluctuations of the CMB indeed are Gaussian, this implies that the corresponding spectral dis-
tortions averaged over large parts of the sky should be of y-type. But here we are interested
in the case of measurements with an angular resolution of a few arcminutes to degrees. In this
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situation, we deal with the limited statistics of finite regions with different mean temperatures
and therefore it is not obvious what type of spectral distortion would be induced in each small
patch of the sky. As mentioned above, a similar situation arises when we compare the signals
from two regions on the sky, i.e. the difference of the intensities as is usually done in differential
observations. Below it will be shown that for any observation of the CMB temperature fluctu-
ations, there will be unavoidable spectral distortions due to the difference in the temperature
of the radiation we measure and compare and that these distortions will be indistinguishable
from a y-type-distortion. The biggest distortions arise due to the CMB dipole.

The unprecedented high sensitivity of future or proposed space missions like PLANCK and
CMBPOL or ground based instruments under construction like APEX, the South Pole Telescope
(SpT), the Atacama Cosmology Telescope (ACT) and QUEST at DAsI (QUAD) will offer ways
to investigate tiny secondary CMB angular and spectral fluctuations and should therefore add
a lot to the success of previous missions. One target will be the measurement of the SZ effect
from clusters, proto clusters or groups of galaxies and superclusters [127] or signatures from
the first stars in the universe [92]. In the future CMB experiments will be so sensitive that it
will be possible to investigate in detail the imprints of reionization and the traces of energy
release in the early universe.

Basu et al. [9] proposed a method to constrain the ionization history of the universe and
the history of heavy element production using the properties of resonant scattering of CMB
photons in the fine structure lines of oxygen, carbon and nitrogen atoms and ions produced
by the first generation of stars. The strong frequency dependence of this effect permits one to
extract the undisturbed angular dependence of the frequency-independent primary temperature
fluctuations and thereby avoid cosmic variance. By comparing the signals in different frequency
channels it is possible to investigate the contributions of the lines of different ions at different
redshifts and therefore to examine different scenarios of element production and ionization
histories in the low density regions of the universe, with overdensities less than < 10%. The
sensitivities of PLANCK and AcT should be sufficient to detect the signals imprinted by the
effects of resonant scattering, but the crucial point for the successful measurement of any small
frequency-dependent signal is the cross calibration of the different frequency channels down
to the limits set by the sensitivity of the experiments. Full sky missions like COBE/DMR or
WMAP normally use the CMB dipole and its annual modulation to check the calibration of
their instruments down to a level of uK, whereas experiments with partial sky coverage like
BOOMERANG directly use the CMB dipole for calibration issues [13]. But both methods permit
one to cross calibrate different frequency channels only to a first approximation assuming that
the dipole has a Planckian spectrum and the same amplitude at all frequencies. Unfortunately,
this precision of the cross calibration will likely not be sufficient to detect the signals from the
dark ages as discussed by Basu et al. [9].

It is known that the motion system relative to the CMB restframe in addition to the dipole
generates (in the second order of v/c) a small monopole and quadrupole contribution to the
CMB brightness of the sky in the restframe of the observer [129, 12, 23|. Sunyaev & Zeldovich
[129], when they were discussing the radiation field inside a cluster of galaxies moving relative
to the CMB restframe, have shown that the corresponding dipole-induced quadrupole has a non
Planckian spectrum, which was then later derived by Sazonov & Sunyaev [112]. Kamionkowski
& Knox [70] later applied this solution to the case of our motion relative to the CMB restframe
and proposed to use the dipole-induced quadrupole for calibration purposes.

The solution of Sazonov & Sunyaev [112] is valid in the case of narrow beam observations.
In this Chapter we choose an independent approach, which is based on the superposition of
blackbody spectra with different temperatures, to look for the maximal and minimal spectral
distortion obtainable from CMB maps. Our method allows us to calculate the value of the
y-parameter for the dipole-induced monopole and quadrupole for a beam with finite width or
equivalently for any average of the signal over extended regions on the sky. Most importantly
we show that the difference of the sky brightness in the direction of the maximum and minimum



3.1 BASIC INGREDIENTS 25

of the CMB dipole, corresponding to the maximal difference of the radiation temperature on
the CMB sky, leads to a y-type distortion with an associated y-parameter of yopt = 3.1 - 1076,
We propose here to use this spectral distortion arising due to the CMB dipole to cross calibrate
the frequency channels of a CMB experiment in principle down to the level of a few tens of nK.
We discuss different observing strategies in order to maximize the inferred spectral distortion
(Sect. 3.6).

In this Chapter, we first give a short summary of the basic equations necessary in the
following derivations and define some of the terminology used (Sect. 3.1). We then discuss
the underlying theory for small spectral distortions (Sect. 3.2) and show that in this limit
even the distortions arising due to the superposition of two blackbodies (Sect. 3.3) with close
temperatures are well described by a y-type solution. Furthermore, we discuss in detail the
spectral distortion due to the superposition of Planck spectra with different temperatures
arising from to the CMB dipole (Sect. 3.4) and from the higher multipoles (Sect. 3.5) using
generated CMB sky maps for the WMAP best fit model. We discuss the spectral distortions
arising in differential measurements of the CMB temperature fluctuation (Sect. 3.6) and how
to possibly use the spectral distortions induced by the CMB dipole to cross calibrate the
frequency channels of CMB experiments (Sect. 3.7). We end this work with a discussion of the
consequences of the obtained results for some of the highly demanding tasks which may be
addressed by future CMB projects (Sect. 3.8) and finally conclude in Sect. 3.9. The results of
this work have been published in Chluba & Sunyaev [34].

3.1 Basic ingredients

3.1.1 Compton y-distortion

In the non relativistic limit, the Comptonization of the CMB photons by hot, isotropic, thermal
electrons with Compton y-parameter y = T’Z?{; ot Ne dl, where T is the temperature of the
electron gas, o is the Thomson cross section and N, is the electron number density, leads to

a y-distortion [141]:

Al * T4+1
_ze [ e’ + 4] (3.1)

I_o_ye"”—l. xel‘—l_

for y < 1. Here z = hv/k Ty is the dimensionless frequency, v is the photon frequency, Ty is
the temperature of the incoming radiation and Al = I — I denotes the difference between the
observed intensity I and undisturbed CMB blackbody spectrum Iy = B, (1)), with
2h V3

B,(T) = kT 1 (3.2)
In the Rayleigh Jeans (RJ) limit, i.e. < 1, equation (3.1) simplifies to AT /Ty|lry = —2y.
Since in this limit a blackbody of temperature 7" is approximately given by B, rj = c% V2ET,
it is convenient to compare the Comptonized spectrum to a blackbody of temperature Try =
To [1 — 2y], making the relative difference (3.1) vanish at small v:

AT iet et 41
-l — -2 .
et — 1

(3.3)

Here we now defined & = hv/kTry and I= B, (Trj) is a blackbody of temperature Try. The
corresponding difference in the radiation temperature can be written as
AT | 2]

T:y'gy@zy'[%i_l

(3.4)

Here we wish to emphasize again, the most important difference to the standard y-distortion
is the fact that AT/T vanishes at low frequencies.
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Equation (3.4) shows that the most important characteristic of a y-distortion is given by
the function
e +1

Z coth

(3.5)

NS

Whenever the function g(&) characterizes the frequency-dependent part of the relative temper-
ature difference we may speak about a y-type spectral distortion.
3.1.2 Relation between temperature and intensity

To obtain the relative difference in temperature (3.4) corresponding to a y-distortion from the
relative difference in intensity (3.3) the relation
AT AIdInT e —1AI
T 1 dlnl  de® I

(3.6)

was implicitly used. In CMB measurement this relation is commonly applied to relate intensity
differences to temperature differences, assuming that the difference in intensity obeys % <1
or equivalently % <& 1. The sensitivity of future CMB experiments will be extremely high in
a broad range of frequencies and angular scales. Therefore it is important to understand what
corrections arise in next order of % and % and what kind of distortions are introduced by
using relation (3.6). For this we consider the simplest case, when we are comparing two pure
blackbodies with different temperatures T and 7" and corresponding intensities I = B, (T') and

I' = B,(T"). Then using (3.2) the relative difference in intensities can be written as

Al I'-1 -1
T I /A

1, (3.7)

where we defined & = hv/kT and A = (T - T)/T.
Now, using the Taylor expansion up to the second order in A from equation (3.7) we obtain

Al Get A2 3
Ala 20 ) 5] o, (55)

where g,(Z) is defined by equation (3.4). Now we apply the relation (3.6) to infer the relative
temperature difference
AT ()
T

= A+ gy(2) - %2 +O(A?). (3.9)

This result clearly shows that in the second order of A a y-distortion with y-parameter y = A2 /2
is introduced. This distortion vanishes at low frequencies (Z — 0) and increases like g, (&) ~ &
in the Wien region (Z > 1). Writing A + g, (£) - A?/2 = A - [1 + g,(&) - A/2] this implies that
for any given A there is a critical frequency &, which fulfills

. 2¢
gy(y) = A (3.10)

and above which the contribution of the y-distortion relative to the first order term becomes
bigger than e. The value of € is directly related to the sensitivity of the experiments. In Fig.
3.1 2, has been calculated for different e. At frequencies lower than Z, the relation (3.6) is
exact within the sensitivity of the experiment, whereas for # > %, the second order correction
has to be taken into account. In the regime %, > 4 for estimates the simple approximation
&, = 2¢€/|A| + 2 may be used.

To give an example, the biggest temperature fluctuation on the whole CMB sky is due
to the CMB dipole. Comparing the maximum and the minimum of the dipole corresponds to
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Figure 3.1: 2, as a function of A for different values of € according to equation (3.10): For e = 10~°
(solid), ¢ = 107 (dashed), ¢ = 1073 (dotted) and ¢ = 1072 (dashed-dotted). The right ordinate
corresponds to vy = k Ty - T /h, with Ty = 2.725 K.

A ~ 2.48-1073. If some CMB experiment is able to accurately measure temperature fluctuations
on the level of K, contributions of € ~ 10~ relative to the dipole signal can be distinguished
leading to &, 4 ~ 1. This estimate shows that at high frequencies spectral distortions introduced
by the usage of the relation (3.6) for the dipole anisotropy should be taken into account in future
CMB missions like PLANCK and AcCT. In Sect. 3.4 we will discuss these distortions due to the
dipole in more detail.

The temperature difference should not be larger than a few percent of the temperature of
the reference blackbody, otherwise corrections due to higher orders in A will become important
and lead to additional distortions (see Sect. 3.2). Fortunately, the temperature differences on
the CMB sky are sufficiently small to neglect these corrections.

Equation (3.9) also shows that in general the inferred temperature difference is frequency-
dependent. At frequencies below Z, the inferred temperature difference is close to the true
temperature difference A and frequency-independent within the sensitivity of the experiment.
In this case, we will speak about a temperature distortion or fluctuation, emphasizing that it
is frequency-independent. It is possible to eliminate the temperature distortion using multi-
frequency measurements. For & > &, frequency- dependent terms become important, which we
will henceforth call spectral distortions.

3.2 Small spectral distortions due to the superposition of black-
bodies

When the CMB sky is observed with finite angular resolution or equivalently if the brightness
of parts of the sky (not necessarily connected) are averaged one is dealing with the sum and
more generally with the superposition of blackbodies. Here we develop a general formalism
to calculate the spectral distortions arising for arbitrary temperature distribution functions
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Figure 3.2: Frequency dependence of g;/g1 = AT;/Trj 6*: Dotted line ATy /TRy 6, which is equivalent to
a temperature distortion, solid line g, (#) = 2AT/Trj 62, which is equivalent to a y-distortion AT/y T,
as given by equation (3.4), dashed line AT3/TRrjd® and dashed-dotted line ATy/Trjd*. The function
gy(Z) becomes larger than unity for v > 146.2 GHz or & > 2.57, larger than 5 for v > 396.7 GHz or
Z > 6.99 and larger than 10 for v > 681.3 GHz or & > 12. For v = 100 GHz or & = 1.76 it follows
gy = 0.5. Also shown as vertical lines are the PLANCK LFI (dashed) and HFI (dash-dotted) frequency
channels.

in the limit of small temperature fluctuations and derive criteria for the applicability of this
approximation. We first discuss the basic equations necessary to describe the spectrum of the
sum of blackbodies (SB) as compared to some arbitrary reference blackbody (Sect. 3.2.1) and
then generalize these results to the superposition of blackbodies (Sect. 3.2.2).

3.2.1 Sum of blackbodies

Following the paper of [142] we express the total spectrum resulting for the SB with different
temperatures 1’ as:

I(v) = / R(T) B,(T)dT. (3.11)

Here R(T) denotes the normalized ([ RAT = 1, R > 0) temperature distribution function,
which will be used below to model the beam of some CMB experiment, and B, (T) is a Planck
spectrum of temperature T' as given by equation (3.2). Now we want to compare the spectrum
I(v) to a reference blackbody of temperature Tyef. Defining 6 = (T' — Tyer) /Trer and inserting
T = Tiet (1 + ) into equation (3.2), B, may be rewritten as

%3

B,(6) = AT3 °

ref Z7(179) — 1 (3.12)

where # = hv/k T, is the dimensionless frequency and A = 2k3/h% 2. CMB temperature
fluctuations are of the order AT/T ~ 107> — 1073. Therefore we are interested in the case



3.2 SMALL SPECTRAL DISTORTIONS DUE TO THE SUPERPOSITION OF BLACKBODIES 29

when |0] < 1. This allows us to perform a Taylor expansion of equation (3.12):

2 2 3 3
By(a):Byyézo—a-ﬁcaB” 5—-55[@8%%@} _ 55[@2—8%
9 |5y 2 o¢ 9 |5y 6 o¢
9’B OB 54 o*B 5B 9’B OB
+63 —5 +6—— — 3 |3+ 1282 = + 360 —~ + 24 ”} :
TR Lo 21" [ e TR € |5y

(3.13)

where here £ = /(14 ) was defined. Keeping only terms up to fourth order in § this simplifies
to:

4
Bu((s) = dref Z gk(i) " (3'14)
k=0

Here we used the abbreviation I, = B,(0 = 0) for the reference blackbody spectrum of
temperature Tys and defined the functions gi () as

go(z) =1 (3.15a)
R Zet

91(2) = F 1 (3.15b)
g [ e+l _9N R

92(2) =3 [x i 2] =5 9y(2) (3.15¢)

22 coshz+2 2go

A\ il _ 272 3.15d
93(&) = 91 [ 6 coshz -1 ¢ } ( )

(3.15¢)

Q
=
—~
=
S~—
Il

[@_3 6 coth £ + sinh & g f2tgs 1]
b coshz — 1 g1
where g, (2) is defined by equation (3.4). In Fig. 3.2 the frequency dependence of the functions
gi() is illustrated. Deviations from a blackbody spectrum become most important in the Wien
region and vanish in the RJ region of the CMB spectrum.

Inserting equation (3.14) into (3.11) the relative difference AI/I s = (I — Liet)/Iref between
the SB spectrum and the reference blackbody I, can be derived

IAI ~ ng(i) <5k> , (3.16)

where we introduced the abbreviation <5k> =[R 8 AT for the k-th moment of the temperature
distribution. To find the corresponding difference in temperatures from (3.16) one may use
the relation (3.6). As mentioned before the inferred temperature difference in general will be
frequency-dependent.

In equation (3.16) the term proportional to the first moment, <51>, corresponds to a temper-
ature distortion which introduces a frequency-independent shift in the measured temperature
difference. It is possible to eliminate this contribution by multi-frequency measurements, since
it does not change with frequency. The term proportional to the second moment is indistin-
guishable from a Compton y-distortion as given by equation (3.3) with y-parameter

62
ys = <2—> . (3.17)
Higher moments lead to additional spectral distortions making the total spectral distortion dif-
fer from a pure y-distortion. As will be shown below for the CMB these higher order corrections
can be neglected.
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In the RJ limit (# < 1), starting from (3.11) and using relation (3.6) one can find

~

(3.18a)

(3.18b)

This result shows that for & — 0 the functions g, g3, and g4 all vanish like ~ 2, reflecting the
fact that the sum of RJ spectra is again a RJ spectrum and that no spectral distortions are

expected for £ < 1. In the first step we have only assumed that & < 1. Therefore, up to the
second order in & equation (3.18a) describes the SB for any ¢ to very high accuracy. For 6 > 1
equation (3.18a) takes the form AT /Tyef|ry ~ (6) - [1 + %] For the approximation (3.18b) we
have in addition to 2 < 1 assumed that § < 1. In this limit the same result can be obtained
starting from equation (3.16).
relation (3.6) one can deduce

In the Wien region of the CMB spectrum (& > 1) again starting from (3.11) and using
AT

z>1

>
!

T 5 ,
w o \TP\T 1
>INz 61

~
~

Tref

(3.19a)
- @)+ () = (9 + 5 [+ 5 0%+ 5 (9]

(3.19b)
Equation (3.19a) is valid for & > 1 and arbitrary 0, whereas (3.19b) only is applicable for
> 1 and z-6 < 1. Result (3.19b) can be also obtained starting from equation (3.16).
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When do higher order moments become important?

Using multi-frequency observations it is possible to eliminate the temperature distortion (o<
(0)). In this case, the leading term in the signal corresponds to the y-distortion. Here we are
interested in the question when higher order moments start to contribute significantly to the
total spectral distortions. In the RJ region using equation (3.18b) one can find that for

e~ (87) > | (%) — (8%, (3.20)

the relative contributions of the higher moments to the y-distortion is less than e. This equa-
tion shows that in general corrections due to the higher moments will be of the order of
~ | <53> |/ <52>. For temperature distributions which are symmetric around the reference tem-
perature all the odd moments vanish. In this case the corrections typically will be of the order
of ~ <54> / <62>. If we consider the simple case, when we compare two pure blackbodies with
temperatures 77 and Ty and use Ty = 17 then the moments are given as <6k > = Ak, with
A = (Tp—T1)/T;. From this we can conclude that the relative contribution of the third moment
to the spectral distortion will be < |A|. Therefore, in the RJ region of the spectrum even for
A ~ 1072 higher order moments will lead to corrections < 1% to the y-distortion. For the
CMB with A ~ 107® — 1073 these corrections can be safely neglected.

In the Wien region the situation is a bit more complicated. Given some value of € one
can find the frequency Z. above which the relative contribution of higher order moments will
become important. To find Z. one has to solve the non-linear equation

gB(i'c) <63> + 94(i'c) <64>
€= - (3.21)
g2(%c) (6%)

or an equivalent equation directly using (3.11). In Fig. 3.3 &, has been calculated for different e
and A again considering the simple case, when we compare two pure blackbodies with temper-
atures T and T and use Ty = T7. Higher order moments contribute 1% to the total spectral
distortion above &, = 10 for A ~ 5-1073, which is roughly 5 times the dipole amplitude. For
|A| < 31073 corrections are less than 1% even in the highest PLANCK frequency channels.
In the limit 2. > 6 for estimates of the critical frequency above which higher order correction
become bigger than € one may use

52 2
@C:min[3e< >+4, 126@4-5 . (3.22)

[ (6%) ] (6%)

In summary, the above discussion shows that as long as |A| < € the spectral distortion for

T < Z. is given by a pure y-distortion. In this case the biggest deviations from a y-distortion are
expected in the Wien region of the CMB spectrum, where the sensitivity of the PLANCK mission
and other future experiments is high. But even for the dipole anisotropy these corrections should
be less than 1%. If |A| ~ € deviations in the RJ become important and higher order corrections
have to be taken into account. Given the amplitude of the temperature fluctuations on the
CMB sky, A ~ 107® — 1073, corrections to the y-distortion due to higher moments will be
less than 1% in the highest PLANCK frequency channels even for the dipole amplitude and
certainly less than 0.1% for the higher multipoles. Therefore we can safely describe the spectral
distortions arising due to the superposition of blackbodies with slightly different temperatures
by y-distortions. In what follows below we assume that higher order corrections are negligible.

Beam spectral distortion

In the RJ limit the sum of blackbodies (SB) is again a blackbody with temperature Try =
[ RTAT. The RJ temperature Try can be directly measured at sufficiently low frequencies
and hence it is convenient to compare the SB to a reference blackbody of temperature TRj.
This makes any distortion due to the SB vanish at low v.
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In the following, we will call <5k > beam moment, when § = (T — Try)/Try is defined as
the relative difference between the temperature T of a given blackbody inside the beam and
the RJ temperature of the SB, i.e. the beam RJ temperature Tgj. For this choice of reference
blackbody the temperature distortion vanishes and we obtain

% ~ ga(&) (8%) (3.23)

where # = hv/k Try and we introduced I = B, (Trj). We should mention again that the beam
spectral distortion arising due to the SB with different temperatures can be approximated by
a pure y-distortion with y-parameter yg as given by (3.17), if only the second moment of the
temperature distribution, <52>, is important. In general higher moments have to be taken into
account leading to additional spectral distortions.

It is important to note that for any given temperature distribution the minimal distortion
arising due to the sum of Plancks corresponds to a y-distortion with y-parameter yg. Therefore
by calculating the second beam moment it is possible to place a lower limit on the distortions
arising from any average over not necessarily connected regions of the CMB sky.

Sum of two Planck spectra with different weights

For the sum of two Planck spectra with temperatures 77 and 15 of relative weights wy and
wy = 1 —wy the RJ temperature is given by T = wy T} +ws Ts. For the first five beam moments
one may obtain:

(%=1, (&)= (3.24a)
2
3
<53> =wiwy (1 —2w)- [%] (3.24¢)
4
<54> = W1 W2 (1 - 3w1 ZUQ) . [%] . (324(1)

Here AT =T) — Ty # 0 was defined. Making use of equation (3.22), in general (w; # wg # 0)
the spectral distortion significantly deviates from a y-distortion by a fraction e at frequencies

3e 12¢€ T
3 > mi Ny . 3.25
m—mm[u—zmr 1—3wu@]\AT] (3:25)

If one of the weights wy or we vanishes then, as expected, there is no distortion. In the case w; =
wa, all the odd moments vanish and the even moments are given by (§") = [AT/(T1 + T»)]".
Then the critical frequency &, = 2-v/3-1071 (T} +T3)/|AT| above which the spectral distortion
deviates significantly from a y-distortion becomes 10 only if |AT| ~ 0.069 T. This implies
that for non Gaussian temperature distributions deviations from a y-distortion will only be
important if the temperature difference becomes of the order of a few % of the RJ temperature.
This is clearly not the case for the CMB in the observed universe. Even the dipole anisotropy
leads to a y-distortion up to very high frequencies and we can safely neglect the contributions
of moments of the temperature distribution with & > 2.

Difference to an arbitrary reference blackbody

Here we want to derive the equations describing the comparison of the spectrum of the SB
with an arbitrary reference blackbody. This example can be applied for absolute measurements
of the CMB. Starting again from equation (3.16) and using the results obtained for the beam
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spectral distortions, one can rewrite the moments of 0yt = (' — Tyef) /Tref in terms of the beam
moments, <5k> and Ary = (Try — Tret)/Tret, with 6 = (T'— Try)/TRy:

(6tf) = ARy (3.26a)
<5r2ef> = <52> + AZRJ +0 (<52> : ARJ) . (3.26b)

Using formula (3.16), one can directly infer the relative difference between the spectrum of the
SB and the chosen reference blackbody I ef = By (Tief):

I— Ire A A
Iiff = gl(xref) ARJ + 92(mref) [A2RJ + <52>} ) (327)

where Z.of = hv/kTier and we assumed that the contributions of <52> - Agry and any higher
moments of both 0 and Agrj are negligible. Note that go(Zyer) = ¢2(2) - [1 + O(Ary)] and
therefore go(&yer) (6%) = AI/I, where AI/I is given by equation (3.23).

Equation (3.27) shows that the spectral distortion of the SB spectrum with respect to the
some reference blackbody I,ef has the following three contributions:

(i) A temperature distortion oc Agry. This distortion vanishes if the SB is compared to a
blackbody with temperature T, = TRJ. Since the y-distortion vanishes in the RJ region
of the CMB spectrum Agy can be directly measured at low frequencies.

(ii) A y-distortion oc A%; due to the dispersion of the RJ temperature of the SB with re-
spect to the chosen reference temperature. This contribution also vanishes if the chosen
reference blackbody has temperature Ty = TRy.

(iii) A y-distortion o <52> due to the dispersion of the temperature T" with respect to the RJ
temperature of the SB. Only if the temperature distribution function is a Dirac é-function,
i.e. when all the blackbodies inside the beam have the same temperature or equivalently
when the angular resolution of the experiment is infinite, this term vanishes. For the SB it
sets the minimal value of the y-parameter for a given temperature distribution function.

Equation (3.27) represents the most general case for the comparison of the SB with any
reference blackbody in the limit of small temperature fluctuations around the temperature
of the reference blackbody. It implies that in this limit the y-distortion arising due to the
comparison of the SB spectrum with some chosen reference blackbody with temperature T'et
is completely determined by the second beam moment and the beam RJ temperature.

3.2.2 Superposition of Planck spectra

Using the results obtained so far, it is possible to generalized the sum of Planck spectra to the
superposition of Planck spectra. This case applies for differential measurements of the CMB,
where we directly compare two identical beams with intensities I; and Is and measure the
intensity difference AI = Iy — I1. If we want to apply the relation (3.6) to relate AI «— AT
then we have to fix the reference temperature Tyef and thereby define the reference blackbody
Iief. During the discussion in Sect. 3.1.2 we used Ty = T (cf. equation (3.7)) but in principle
one is free to choose any temperature for which the limit of small spectral distortions is justified,
since Al = Is — I1 = Iy — Lief + L1ef — I1. In the case of the CMB, one will usually set Tyo¢ equal
to the whole sky mean temperature T, but as will be shown below the inferred y-distortion
strongly depends on this choice.

Defining A; = (T; — Tyet)/Tret, where T; are the temperatures of the blackbodies inside the
beam 4, and applying formula (3.16) one may obtain

I, — I
Iref

=41 (i) [Asup,12 + gy(i') : ysup,12] , (3'28)
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with & = hv/k Ty and

 Tho—Tos
1= —
’ Tref

1
Ysup,12 = 5 [<A%>b,2 - <A%>b,l} ' (3.29b)

Agup,12 = (A2), 5 — (A1), (3.29a)

where (X),,; denotes the corresponding beam averages and we defined the beam RJ temper-
atures Ty, ; = (T;)y, ;- In equation (3.28) we have neglected the contributions of any higher
moments of A;. Here the temperature distortion is directly related to the relative difference of
the RJ temperatures.

The y-parameter ys,p 12 can be rewritten using the beam moments <5'2>b,i’ with 6; = (T; —

i
Tb,i)/Tb,i and deﬁning Aref,i = <Ai>b,i = (Tb,i - Tref)/Tref:

1 1
Yup,12 =5 [<5%>b,2 - <6%>b,l] + 9 [A%efﬁ - A?ef,l] + O(<6i2>b,i “Aret,i) - (3.30)

The difference of the beam moments <5i2>bz‘ does not depend on the chosen reference temper-
ature Ty and therefore always leads to the same contribution

Yo = % [<5§>b,2 - <5%>b,1} (3.31)

to the inferred y-parameter. In the limit of high angular resolution it vanishes. For the second

term in (3.30) (o A2,, — A%, ) one finds

Y12(Trer) = = [Algo — Abg1] = Asupa2 - Ary, (3.32)

DO | —

with Ary = (Tky — Tret)/Tret and Try = (Th,1 + T12)/2. This contribution to the total inferred
y-parameter, Ysup.12(Tret) = Yb + y12(Tret), depends on the choice of Tyes. Here it becomes clear
that setting Tief = TRy, i-e. to the average RJ temperature of the sum of both beams, only the
difference of the second beam moments leads to a y-distortion. Let us note here that equation
(3.27) is a special case of (3.28), where beam 1 has no contribution of the beam moment <6%>b71,
i.e. where the beam spectrum is a blackbody with temperature Tb71, and where T} = Tb,l-

Dependence on the reference temperature

Here we want to clarify some aspects of the dependence of the inferred y-parameter on the
chosen reference temperature. If we assume that y;, < 1 and T}, » > Ti, 1, we can find the
reference temperature at which the total y-distortion vanishes:

_ Tb,l + Tb,2 14 Tb,l + Tb,2 Yb
2 Too—Thy 2

T, (3.33)

In the limit of high angular resolution (yp, = 0) we find that T),—y = Try. One encounters this
situation in differential measurements of the CMB brightness between two points on the sky.
For Tj b2 > Tb,l and gy, > 0 the reference temperature at which the y-distortion vanishes is
always positive and also the temperature distortion corresponding to the first term in equation
(3.28) is positive. Then for the inferred y-distortion the following three regimes can be defined:
(i) for Tiet < Ty—o the inferred y-distortion is positive, (ii) for Tyes = Tyy—o per definition there
is no y-distortion up to the first order in yy, and (iii) for Ties > Ty—o the inferred y-distortion
is negative even though Tb,Q > Ti b,1- This shows that for the superposition of Planck spectra it
is in general not sufficient to choose the beam intensity with higher RJ temperature as I5 in
order to obtain a positive y-parameter.
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Now we are interested in the change of Agyp 12 and ysup,12, if we change from one reference
temperature Tyef to another T7 ;. For T one can again write down an equation similar to
(3.28), where now A; = (T; — Tyer)/Trer is replaced by AL = (T; — T\ ;) /T and & = hv/k Tret
by &' = hv/k T . Using (3.29) and (3.30), we can write

Ty —T;
Agup12 = % = Agup,12 - [1 4+ Ay] (3.34a)

sup, "
re:

! —
Yb=Yb
!

!
yéup,12 = yl/) + yll2(Tref) = Y+ A;up,12 ’ Ai%J

=Y + Asup,12 : [1 + Ar] : [ARJ (1 + Ar) + Ar] (334b)
R Yp + Y12 + Asup,12 : A1" 5 (334C)

with Ay = (Tyet — T1s)/Tro and where prime denotes that the reference temperature 77 was
used. The difference of y-parameters is given by Ay = yi,, 19 — Ysup12 = Asup12 - Ay For
Tiet = TRy the contribution yi1o = 0. Therfore we can write the inferred y-parameter for any

reference temperature as:

Too—Toar To1+Tho — 2Tt
y(Tref) ~ UYb + = . = .

_ 3.35
Tv1 +Tho Tret (3:35)

This result describes all the cases discussed previously: If we want to discuss the beam distor-
tions we have to set the reference temperature to Try making y =~ yp,. If we are discussing the
y-parameter for the comparison of the SB with some reference blackbody we have Tb,l = Tret
resulting in y ~ yp, + A%{J /2. This implies that in the limit of small spectral distortions the
y-parameter for the superposition of Planck spectra is completely determined by the second
beam moments and the beam RJ temperatures.

3.3 Superposition of two Planck spectra

In order to illustrate the main results obtained in the previous Sect. we now discuss the spec-
tral distortions arising due to the sum and difference of two pure blackbodies with different
temperatures 77 and T and the corresponding intensities I; = B, (T}) and I, = B,(T5) in
the presence of a reference blackbody Iyef = By (T1er) with temperature Tyef. In principle one
can directly apply the results obtained in Sect. 3.2 and easily derive the equations describing
this situation, but in order to check the derivations of the previous Sect. we here choose an
approach starting from the expansion (3.8) taking only the first order corrections into account.
Since the CMB temperature fluctuations are very small this approximation is sufficient.

The results obtained for the sum of two blackbodies apply to the case of an absolute mea-
surement of the CMB sky, where the beam contains only blackbodies with two equally weighted
temperatures. In the limit of narrow beams the results obtained for the difference of two black-
bodies can be directly used to discuss the effects arising in differential measurements. In Sect.
3.7 we will use some of the result of this Sect. in the discussion about cross calibration issues.

3.3.1 Sum of two Planck spectra

We want to describe the difference Alg = Is — I of, as a function of frequency. Here we defined
the sum of the two blackbodies by Is = (I3 +12)/2. The easiest is to first calculate the difference
Al = I; — I since Alg = (A[l + AIQ)/2 If we define A; = (Tz — Tref)/Tref and £ = hV/k Tref
we can make use of equation (3.8) and write the relative difference of Is and I as

~

Is = Leg  de" A1+A2+ (56).2/14-92
Tt e — 1 2 Jy 2

(3.36)
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Figure 3.4: Dependence of the inferred y-parameter on the chosen reference temperature Ti..¢ for two
blackbodies with temperatures 77 = 2.72162 K and 75 = 2.72838 K, corresponding to the minimum and
maximum of the CMB dipole. In this case the mean RJ temperature is Try = (11 + 12)/2 = 2.725K
and y, = 7.7-1077. — Sum of two blackbodies: total y-parameter as given by (3.37b) (dashed line). —
Difference of two blackbodies: the absolute value |yqi| of the inferred y-parameter as given in equation
(3.40b) (solid line). The dotted vertical lines show the location of Tyer = T1 and Tyes = Th respectively.

Here we abbreviated the y-parameters as y; = AZZ /2. Defining the RJ temperature Try =
(Ty + T3)/2 of the sum of the two blackbodies, the sum of the first order terms and the y-
parameters may be rewritten like

_ A1+ Ay TRy — Thet

A = .
RJ 5 Tor (3.37a)
ity 1| .o T -1\
= ~—- A - . .37b
Ysum B 5 Ry T <T1 T (3 37 )

From this it can be seen that if the reference temperature is set to Tgrj the temperature
distortion corresponding to the first term in (3.36) vanishes (Ary; = 0) and only a minimal
y-distortion with y-parameter

! [Tl — Tzr (3.38)

= T+ T
is left. At low frequencies (& < Z,) this reflects the fact that the sum of RJ spectra is again
a RJ spectrum. Comparing (3.37) to (3.26) one may conclude that yj, corresponds to the
contribution of the second beam moment (§?) to the y-parameter. Comparing (3.38) to (3.24b)
with w; = wy = % confirms this conclusion.

The dependence of the inferred y-parameter on the chosen reference temperature is illus-
trated in Figure 3.4. As mentioned above the y-parameter reaches a minimum for Tyef = TRj.
It is important to note that the minimal value of the y-parameter y;, does not depend on the
reference temperature Tyo¢ but only on the second beam moment of the temperature distribu-
tion function. Changing T}.¢ from TRy — 7; the inferred y-parameter monotonically increases



3.4 SPECTRAL DISTORTIONS DUE TO THE CMDB DIPOLE 37

being a factor of ~ 2 larger than gy, for Tyo¢ = T;. This can be understood as follows: If we set
Tref = T; we obtain ysum = (Th —12)?/4T? =~ (T1 —T12)? 4 T2+ O(AT3/T}), with AT = T, —Ts.
Therefore the ratio ysum/yqa ~ (11 + T»)?/2T? ~ 2.

Outside the region T7 < Ty < T3 the inferred y-parameter increases further. It is in
principle possible to gain large factors in the inferred y-parameter by going very far away
from the RJ temperature of the SB, but at some point next order corrections will become
important and therefore limit Ty¢f to the region where the approximation of small spectral
distortions is still valid. For the CMB the most natural choices of the reference temperature
are the whole sky mean temperature 7 and the maximum or minimum of the CMB dipole.
For the SB the inferred y-parameter varies from y ~ 7.7-1077 for Tyt = T to y ~ 1.5-1076 for
Tref = T1. The behavior of the inferred y-parameter shows that in order to minimize the arising
spectral distortion for absolute measurements it is important to use an internal calibrator with
temperature close to the beam RJ temperature Tgj.

In the limit 77 — 715 we are in principle comparing one pure Planck spectrum with a
reference blackbody. This case applies for an absolute measurement of the CMB sky in the
limit of very narrow beams. In this case it follows that y, — 0 and in addition ysym — 0 for
Tiet = TRy Except for some changes in scales the behavior of the curve shown in Fig. 3.4 is
unaffected.

3.3.2 Difference of two Planck spectra

Since Al = Iy — I} = Al, — A, where AI; = I; — I, applying equation (3.8) one can easily
find
IQ — Il ~ z 6ﬁ
Iref - 65C -1

A= A1+ gy(@) - 2 - )] (3.39)

Again it is possible to simplify the difference of the first order terms and the y-parameters
leading to

T, — T
Ap =20y — Ay =2~ (3.40a)
Tref
Yaift = Y2 — Y1 = D12 - Agy, (3.40b)

where Ary = (Try — Tret)/Tref and Try = (11 + T)/2. For the difference of two Plancks the
temperature distortion does not vanish for any choice of the reference temperature (see equation
(3.40a)), whereas the y-distortion changes sign at Tyef = TRry. As mentioned earlier, this shows
that for the difference of two Planck spectra in order to obtain a positive y-parameter it is
in general not sufficient to choose the intensity with higher RJ temperature as I5. Comparing
(3.40) to (3.29a) and (3.32) and keeping in mind that both beam moments <5i2>b,i = 0 shows
the equivalence of both approaches. In Figure 3.4 the dependence of the absolute value of the
inferred y-parameter on the chosen reference temperature is shown. At Ty = T; the inferred
y-parameter for the difference of two blackbodies is 2 times larger than in the case of the sum,
(|ydif|/ysum)|Ti ~ 2.

As in the case of the sum of two Plancks for T, outside the region T} < Tief < 75 the
inferred y-parameter increases strongly. Again there is a limit set by the approximations of
small spectral distortions. The behavior of the inferred y-parameter shows that in order to
minimize the spectral distortion arising in differential measurements it is important to choose
a reference temperature close to the RJ temperature of the observed region.

3.4 Spectral distortions due to the CMB dipole

The largest temperature fluctuation on the observed CMB sky is connected with the CMB
dipole. Its amplitude has been accurately measured by COBE/FIrAS [51]: ATy = 3.381 £
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0.007mK, corresponding to AT/T ~ 0.2% on very large angular scales. Assuming that it is
only due to the motion of the solar system with respect to the CMB rest frame it implies a
velocity of v =372+ 1 km/s in the direction (I,b) = (264.14° £ 0.15°,48.26° £ 0.15°). In order
to understand the spectral distortions arising due to the dipole, we start with the direction
dependent temperature of the CMB, neglecting any intrinsic anisotropy:

Y1 =5
LK1
|

Lol 2 2 (2L
~ Ty |1 6+ﬁu+ﬁ g (3.41Db)

T(p) (3.41a)

Here we introduced the abbreviation p = cosf, with 6 being the angle between the direction
of v and the location on the sky. T denotes the intrinsic CMB temperature, 8 = v/c is the
velocity in units of the speed of light and v = 1/4/1 — 32 is the corresponding Lorentz factor.
The whole sky mean RJ temperature is given by

BK1
. Ty 1+3] [ 3

where ’f” denotes full sky average temperature. Equation (3.42) implies that due to the motion
of the solar system relative to the CMB rest frame the observed whole sky mean RJ temperature
is AT = 0.70 uK less than the intrinsic temperature Ty. The measured value of the whole sky
mean temperature as given by the COBE/FIRAS experiment [51] is Ty = 2.725 £+ 0.001 K.
Therefore this difference is still ~ 1000 times smaller than the current error bars and far from
being measured.

Below we now discuss the spectral distortions arising due to the CMB dipole in the context
of finite angular resolution. Since only the second moment of the temperature distribution is
important, we will use the second order expansion of T'(1) in 3 as given in equation (3.41b).
In the last part of this section we show that starting with equation (3.41a) all the results of
this section can also be directly obtained by expansion of the blackbody B, (T'(x)) in terms of
small (. This shows the equivalence of both approaches. Nevertheless, the big advantage of the
treatment developed in Sect. 3.2 is that it can be applied to general temperature distributions
and that the source of the y-distortion can be directly related to the second moment of the
temperature distribution.

3.4.1 Whole sky beam spectral distortion

Defining 6 = [T'(u) — T¢] /¢, where T} is given by equation (3.42), the full sky moments can be
calculated by the integrals <5k>f = % fil 8(1)* dp. The first three moments may be found as

(6%, =1, ('), =0 (3.43a)
2,2 A<t 29
(6%), = 4552” 1A % +O(3Y, (3.43b)

where = = ln[%]. With g = ATy/Tp = 1.241-1073 one finds: <52>f = 5.1-1077. This implies
a full sky y-distortion with
_ 8 7
ya= "3 ~ 26107, (3.44)
which is currently ~ 60 times below the COBE/FIRAS upper limit. This distortion translates
into a temperature difference of AT = 0.7 - g,,(Z) uK. The exact behavior of g,(Z) is shown in

Fig. 3.2. We have checked that deviations from a y-distortion will become important only at
extremely high frequencies (Z > 360).
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Here we want to note that this full sky distortions arises due to the existence of the dipole
anisotropy. In absolute measurements of the CMB yq4 places a lower limit on the full sky y-
parameter (see Sect. 3.2.1).

3.4.2 Beam spectral distortion due to the CMB dipole

Here we are interested in the angular pattern of the y-distortion induced by the SB over the
dipole for an observation with a finite angular resolution and in particular in the location of the
maximal y-distortion, when we compare the beam flux at different frequencies to a reference
blackbody with beam RJ temperature. To model the beam we use a simple top-hat filter
function

W) =

1 for 0 <0,
(3.45)

0 else,

where the z/-axis is along the beam direction! and 6, is the radius of the top-hat in spherical
coordinates.
The kth moment of some variable X over the beam is then given by the integral

27 1

<Xk>r - m //Xk dy dg' (3.46)
fr

0

where 'r’ denotes beam average for a top-hat of radius 0, and u, = cos8,. Defining uy = cos g
and using

p = po - i’ + cos(¢' — o) sin(fo)\/1 — 2, (3.47)

one can calculate the beam averages of the dipole and quadrupole anisotropy
(kb = G o (3.484)
<u2 - §> — Gy (ué - é) , (3.48b)

where we introduced the abbreviation (1 = % These equation will be very useful in all the
following discussion.
Using formula (3.41b) and equations (3.46) and (3.48) the mean RJ temperature inside the

beam in some direction (¢, fp) relative to the dipole axis is given as

_ 32 1
=T [1—E+ﬁC+M0+ Pece (i3] (3.49)
The position of the maximum and minimum is, as expected, at g = 0 and 6y = 7 respectively.
Now the second moment of § = [T'(u) — 1;]/T; inside the beam can be derived as:
Bak1

2
(3),~ . [1 TG -3¢ <u% - %)] ¢, (3.50)

where up to second order in 3 only the CMB dipole contributes and we have set § = 34. The

corresponding y-parameter

Yr =Yd- [1+C+—3C+<M%—%>]C—a (3.51)

'Prime denotes coordinates with respect to the system S’ where the 2’-axis is defined by the direction of the
beam.
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Figure 3.5: Angular distribution of y, as given by equation (3.51) for 6, = 20°. The maximal spectral
distortion is expected to appear in a ring perpendicular to the dipole axis and in this case has a value
Yr.max = 2.3 - 1078, The minimal y-parameter has a value of y = 2.4 - 1071% and is located around the
maximum and minimum of the dipole. The galactic plane was cut out using the kpO-mask of the WMAP
data base.

has a monopole and quadrupole angular dependence. As expected it vanishes for high angular
resolution ((— — 0). In Fig. 3.5 the angular distribution of y, for 6, = 20° is illustrated. The
maximum lies in a broad ring perpendicular to the dipole axis, which even without taking the
galaxy into account covers a large fraction of the sky. In the shown case, the maximal value of
the y-parameter is approximately yr max ~ ya/10.

Using equation (3.50) the position of the maximum can be found: 0¢ ynax = 5. This sug-
gests that the location of the maximal distortion is where the derivative of the temperature
distribution is extremal. The maximal y-parameter is given as

Yr,max = Yd - [1 — Mr C—i—] . (352)

The dependence of ¥, max on the beam radius is shown in Fig. 3.6. For beam radii larger than
6, = 90° it follows that ¥y max > y4 and at 6, = 120° it is 9/8 times yq. The maximal y-
parameter, Y; max, is a steep function of beam radius: It has values yq/2, yq/3 and yq/10 for
6, = 51.83°, 0, = 40.68° and 6, = 21.29° respectively and vanishes like ~ 362 /4 for high angular
resolution. For #, = 5° it is ~ 6 - 1072 x yq. This implies that the beam spectral distortions
resulting from the dipole are lower than AT/T ~ 10~° for experiments with resolution better
than ~ 10°. As will be shown later, on this level contributions from the higher multipoles will
start to become important (Sect. 3.5).

3.4.3 Distortion with respect to any T,

We have seen in Sect. 3.2.1 that the inferred y-parameter for the comparison of the SB with
some reference blackbody with temperature T.os has one contribution from the second beam
moment <52> and another due to the dispersion AQRJ of the beam RJ temperature relative to
the temperature of the chosen reference blackbody (cf. equation (3.26b)). Therefore one can
immediately write down the relative difference of the beam intensity and the intensity of the
chosen reference blackbody making use of (3.26), (3.27), (3.49) and (3.50). In the limit 6, — 0
we can apply the results obtained in Sect. 3.3.1 for the sum of two blackbodies, if we set
T7 = T5. Here we want to discuss the case Tyef = Tp in more detail. For this choice the residual
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Figure 3.6: Dependence of the y-parameter in units of yq = 2.6 - 10~7 on the beam radius 6, in degree
for a circular beam: y, for ug = 1 as given by equation (3.51) (dash-dot-dotted), yr max according to
equation (3.52) (solid). For values —1 < po < 1 the curves lie between these two extremes.

full sky y-distortion (which may be obtained by averaging the intensity data over the whole
sky) is minimal.

Distortion with respect to Tj

Now, instead of comparing the spectrum of the SB to a blackbody with beam RJ temperature
T, we compare to a blackbody of temperature Ty. Then the spectral distortion follows from
equation (3.27) and in addition to the beam moment (3.50) the first two moments of A =
(T, — Tp)/Tp have to be calculated:

2
Al = —% + Ba G4 o + B33 e Gt (Mg - %) (3.53a)
A2 — B_ﬁ(? +ﬂ2<2< 2_1) (353b)

The spectral distortion arising from the SB can now be characterized as follows: (i) At low
frequencies the y-distortion vanishes. The motion of the solar system with respect to the CMB
rest frame induces a temperature dipole (~ (4) and a temperature monopole and quadrupole
(~ (33) all resulting from the Al-term:

_ 6—34—5 2 o 1 4
=7 T ot B Ca{mo—3) - (3.54)

AT
To

t

In the limit of high angular resolution ({4, u, — 1) this is equivalent to the expansion (3.41b).
(ii) A y-distortion is induced which is proportional to the sum A2 + <52> :

r

=2 [G e e (-5)] (3.5

a1
Ty
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It has a monopole and quadrupole angular dependence and only arises due to the CMB dipole.
The sum of both contributions mentioned above can be rewritten as

T, = A AT IR [ ()] (3500
2 2 2
- Lencn+ 82 [ e (i-3)]. oo

where we used the definition (3.5) for g(z). Rewriting the function g2 (Z) in terms of g(z) lead to
exact cancellation of the motion-induced temperature quadrupole and changes the temperature
monopole by 57/3 (cf. A — A% — (§*) -term in equation (3.56a)).

In the picture of the SB it is easily understandable that there is no difference in the resulting
spectral distortion whether the dipole anisotropy is intrinsic or due to motion. Therefore, as
was noted earlier by Kamionkowski & Knox [70], it is impossible to distinguish the intrinsic
dipole from a motion-induced dipole by measurement of the frequency-dependent temperature
quadrupole.

Expansion of Al/I, for small

Here we want to show that the results (3.50) and (3.56) can also be directly obtained starting
with the expansion of the blackbody spectrum with temperature T'(11) for small velocity 5 and
thereby prove the equivalence and correctness of both approaches. For this, inserting (3.41a)
into the blackbody spectrum (3.2), by Taylor expansion up to second order of § one may find

Al = 3 g1(2) [M .

Al D+ s ra@a (e -5) . @

This equation has been obtained earlier by Sazonov & Sunyaev [112] for a cluster of galaxies
moving with respect to the CMB and was later applied by Kamionkowski & Knox [70] to
discuss aspects of the observed CMB dipole and quadrupole. It is valid for a measurement of
the CMB temperature with high angular resolution, where the y-parameter due to the second
beam moment is negligible (y ~ 1072 for 10° angular resolution).

First we want to calculate the SB in a circular beam and compare it to the blackbody Iy
of temperature Ty, i.e. we want to derive (AI/Iy),. Using equation (3.46) and since only p and
p? depend on u' and ¢ this integration with (3.48) immediately leads to equation (3.56).

Next we want to derive the spectral distortion relative to the reference blackbody with
beam RJ temperature starting with (3.57). For this we rearrange (3.57) in terms of ¢; (&) and
92(2) leading to

I() = Ip(2) - [1 4 g1(&) - 6o + g2(2) - 67] (3.58)

with dg = —%2 + B+ 2 (,uQ — %) In the RJ limit g7 — 1 and g9 — 0. This immediately
leads from equation (3.58) to Try = (Tp - [1 + do]), = To - [1 + A], where A is given by equation
(3.53a). Now we replace & = hv/kTy = (hv/kTrs) - Tri/To = &+ - [1 + A] in equation (3.58)
and expand in second order of A obtaining:

I(#) = L(@:) - [1+ g1(84) - (5o — A+ A% = GoA) + go(#4) - (05 + A% —26A)] ,  (3.59)

with I, (Z,) = B, (TRy)- Since only dy depends on p/ and ¢’ we may perform the beam averages
using equations (3.46) and (3.48). This is equivalent to replacing 6o — A and &5 — (3), in
equation (3.59). Therefore this leads to

-1

T g2(&) - [(83), — A?]. (3.60)
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Inserting equation (3.53b) and

9 g2 o 1
(05), = 37T B pr Gt (Mo - g) (3.61)

one may obtain <5(2]>r - A% = <52>r, where <52>r is given by equation (3.50) and we made use
of the identities

1= =0+ (3.62a)
prr — Gy = —(—. (3.62b)

Let us note here that since only dy depends on p’ and ¢ we may have calculated the beam
average already from equation (3.58). After expansing in terms of A this would have directly
lead to the result (3.60) without the intermediate step (3.59). This finally shows the complete
equivalence of both approaches.

3.5 Spectral distortions due to higher multipoles

The largest temperature anisotropy on the CMB sky is connected with the CMB dipole which
was discussed in detail above (Sect. 3.4). In what follows here we are only concerned with
spectral distortions arising from multipoles with [ > 2. As has been shown above, the spectral
distortions induced by the CMB dipole are indistinguishable from a y-distortion. Since the
typical amplitude of the temperature fluctuations for [ > 2 is a factor of ~ 100 less than the
dipole anisotropy (AT/T ~ 107?), the spectral distortion arising from higher multipoles will
also be indistinguishable from a y-distortion.

Calculations using a realization of the CMB sky

In order to investigate the spectral distortions arising from the multipoles [ > 2, we use one
realization of the CMB sky computed with the SYNFAST code of the HEALPIX distribution?
given the theoretical C;s for the temperature anisotropies computed with the CMBFAST code?
for the WMAP best fit model [11]. Here we are only interested in the distortions arising from the
primordial CMB anisotropies. Future experiments will have ~ arcmin resolution. Therefore we
perform our analysis in the domain, I < 3000, corresponding to angular scales with dimensions
0> 3.6

Using the generated CMB maps we extract the temperature distribution function R(T")
inside a circular beam of given radius €, in different directions on the sky. We then calculate
the spectrum and the spectral distortion inside the beam using equation (3.11) and setting
the reference temperature to the beam RJ temperature Try = [RT dT. As expected, we
found that the spectral distortions are indistinguishable from a y-distortion with y-parameter
given by equation (3.17). As discussed above this follows from the fact that the temperature
fluctuations for [ > 2 are extremely small (~ 107°).

In Fig. 3.7 the probability density p(y) for a given aperture is shown. It is defined such
that p(y) dy gives the probability to find a value of the y-parameter in a random direction
on the sky between y and y + dy for a given beam radius. As expected, the average value
(y) increases with aperture radius, while the width of p(y) decreases. For 0, > 1 the average
beam y-parameter varies only slowly. In the limit of a whole sky measurement, the y-parameter
converges to y, = 8.33-10719, which corresponds to the whole sky rms dispersion AT ~ 111 uK
of the used realization of the CMB sky. For 6, < 1 the beam y-parameter falls off very fast.
As Fig. 3.7 suggests, for 6, < 2 — 5° the distortions arising due to the dipole are negligible in
comparison to the distortions arising due to higher multipoles.

2http://www.eso.org/science/healpix/
3http://www.cmbfast.org/
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Figure 3.7: Top: Probability density p(y) for different aperture radii: 6, = 0.25° (solid), 6, = 0.5°
(dashed) and 6, = 1.0° (dashed-dotted). — Bottom: Dependence of the average y-parameter on the
aperture radius 6, in degrees: for the beam spectral distortion (solid) and for the y-parameter resulting
from the dispersion of the beam RJ temperatures in different directions on the sky relative to Tp
(dashed). Also shown is the maximal beam spectral distortion arising due to the dipole, ¥y max (dotted),
according to equation (3.52).
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Figure 3.8: Top: Cumulative probability p(y > yo) for different aperture radii 6, = 0.1° (solid),
0, = 0.25° (dashed) and 6, = 1.0° (dashed-dotted). — Bottom: Dependence of the cumulative probability
p(y > o) on the aperture 6, for yo = 8- 1071 (solid), yo = 9 - 1071 (dashed) and yo = 10~? (dashed-

dotted).
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Figure 3.9: Number of regions on the sky with y > yo for different aperture radii 6, in degree: for
yo = 8-10719 (solid), yo = 9- 10719 (dashed) and yo = 107 (dashed-dotted).

Figure 3.7 also shows the y-parameter resulting from the dispersion of the beam RJ tem-
peratures in different directions on the sky relative to Ty. It drops with increasing beam radius,
because the average beam RJ temperature becomes closer to T for bigger beam radius. Look-
ing at the sum of the beam distortion and the distortion due to the dispersion of the beam
RJ temperatures shows that the averaged whole sky distortion is independent of the angular
resolution.

In Fig. 3.8 the cumulative probability of finding a spectral distortion with y > y¢ is shown
for different apertures. Fixing the value yg, there is a maximum probability of 2.4% to measure
y > 1079 for an aperture radius 6, ~ 1° during the mapping or scanning of extended regions
of the sky. This corresponds to ~ 500 sources on the whole sky. In Fig. 3.9 the dependence
of the number of sources with y above yq for a given radius 6, is illustrated. It peaks around
0y ~ 0.5 degree, corresponding to the first acoustic peak. The maxima of the y-distortion do
not coincide with the maxima of AT/T, but that they both should have similar statistical
properties. We expect that the maxima of the y-parameter are there, where the derivatives of
the averaged temperature field are large.

The motion-induced CMB octupole

In section 3.4 we discussed spectral distortions due to the motion of the solar system relative to
the CMB rest frame up to the second order in 3q. On the level of iy ~ 10719 — 10~ third order
corrections o< ﬁg should also start to contribute. In this order of 34 not only the motion-induced
dipole and quadrupole lead to spectral distortions but also terms connected to the products of
the intrinsic dipole and quadrupole with the motion-induced dipole and quadrupole. Here we
now only discuss the motion-induced CMB third order terms.

Expanding (3.41a) up to third order in 4 and calculating the beam averaged RJ temper-
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ature for the top-hat beam using (3.46) leads to

Tr,oct - Tr + TO Bg C-l— [% o + (1 - 5<+ C—) Ko (M% - §>:| ) (363)

where T} is given by (3.49). In addition to the motion-induced octupole in third order of 84
there also is a correction to the CMB dipole. Now we can also recalculate the second beam
moment leading to a y-parameter of

Yr,oct = Yd Bd : |:;U'0 <1 + glﬁ) - 6#0 (:U'g - §>:| CJr C* ) (364)
for the third order in (4. The total motion-induced y-parameter is then given by the sum
Y = Yr + Yroct, Where y; is given by (3.51). As before in the limit §, — 0 the y-parameter
Yroct vanishes. It has a dipole and octupole angular dependence and reaches a maximal value
of Yr.oct ~ 9.6- 10~ in the pg, f,-plane. Therefore one may completely neglect the contribution
of the second beam moment to the y-parameter. If we consider the third beam moment we find

(0%), = 6ya fa [—% Ho + o (u% - %)] ¢+ ¢2. (3.65)

It reaches a maximal value of <53>r /6 ~ 1.8 - 107!, Due the strong dependence on 6, we may
therefore also neglect any contribution of the third beam moment.

3.6 Spectral distortions induced in differential measurements
of the CMB sky

In Sect. 3.4 we discussed the spectral distortion arising due to the CMB dipole inside a single
circular beam in comparison to a reference blackbody with temperature T. In this chapter we
address the spectral distortion arising in differential measurements of the CMB fluctuations,
where two beam intensities I; and I are directly compared with each other and the intensity
difference Al = Iy — I; is measured. Since in Sect. 3.5 we have shown that y-distortion arising
due to higher multipoles have corresponding y-parameters y < 1079 here we are only taking
distortions arising due to the CMB dipole into account. If we assume that the both beams are
circular and have the same radius 6, (see Fig. 3.10), we may define the beam RJ temperatures
as Tr,l and Tr72, where Tr,i of each beam is given by equation (3.49). Now, defining the reference
blackbody I. = B,(T.) with temperature T,of = T, using equations (3.6) and (3.28) we find
for the inferred temperature difference at frequency &, = hv/k Tyet

AT ()
T.

=Ar12 4+ Yr12 - gy(T4), (3.66)

where we have introduced the abbreviations

T.o — T,
Ao = % (3.67a)
Yr,12 = Ybo,r + Yret (3.67b)
TrQ_Trl Tr1+Tr2_2T*
= = = — . . 3.67c
Yre Tr,l + Tr,2 T* ( )

Using equation (3.51), the difference of the beam y-parameters yy, . = y:(u2) — yr(p1) can be
written as

Ybr = —3ya Ap[2 1 + Aplly ¢, (3.68)
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zZ

Figure 3.10: Illustration of a differential observing strategy: The maximum of the dipole lies in the
direction of the z-axis. Both observed patches have the same radius 6, and the observed intensity
difference is AI = I, — I.

where p; = cos;, Ap = ps — p1 and 6; is the angle between the dipole axis and the beam 1.
Here it is important to note that in the case Ay = 2, i.e. when we are comparing the maximum
and minimum of the CMB dipole y, , = 0, since both beams have the same shape and size. In
this case we are directly dealing with the difference of two blackbodies with temperatures T ;
and we may apply the results obtained earlier in Sect. 3.3.

Now one can write for the relative temperature difference of the two beams at two frequency
Ty and &y o, with T, 9 > 2,1 and &, ; = hv; /k T as

AT (242) — AT(241)

AA T

= Yr12 - [9y(Tw2) — 9y (241)]- (3.69)

If we assume that Z,; < 1, i.e. for a measurement in the RJ region of the CMB spectrum,
then we can approximate g, (&4,1) ~ iil/ﬁ For estimates we will assume that g, (Z.,1) = 0.

On the CMB sky the most natural choices for the reference temperature is the full sky
mean temperature T and the temperature of the maximum or the minimum of the CMB
dipole anisotropy, whereas the last two are equivalent. Below we now discuss the dependence of
the inferred y-parameter on the angle between the beams for these two choices of the reference
temperature. In the limit 8, — 0 we can apply the results obtained in Sect. 3.3.2 for the
difference of two blackbodies.

Case T, =1
In this case, making use of equation (3.49) and (3.67c) one may find
Yret,0 = 3ya Ap 2 + Ap] ¢ + O(B]). (3.70)

Using the beam y-parameter y, , as given in equation (3.68) we find for the corresponding total
inferred y-parameter

Ya0 =3y | G Ap - [2 0 + Ap)| + O(B) . (3.71)

The largest values of the y-parameter in the pq, Au-plane are obtained for the combinations
(u1,Ap) = (0,1), (0,—1), (1,-1), (—=1,1). In these optimal cases it follows

YA0.0pt = 3Ya Cr || + O(B3) - (3.72)

The dependence of y 4,0 0pt On the radius of the beam is shown in Fig. 3.11. The distortion does
not vanish for high angular resolution (¢, — 0) and the maximum is 3 times bigger than yq.
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Figure 3.11: Dependence of the y-parameter in units of yq = 2.6 - 1077 on the beam radius 6, in
degree for differential measurements: y4,0,0pt as given by equation (3.72) (dashed/left ordinate), y.4.1,0pt
as given by equation (3.75) (solid/right ordinate) and y.4 2.0pt as given by equation (3.76) (dotted/left
ordinate) .

The corresponding absolute temperature difference in some of the PLANCK frequency channels
are given in Table 3.1. For 6, = 7/2 the y-distortion vanishes.

Let us note here that in the case Ay = 2, i.e. when we are directly comparing the maximum
and the minimum of the CMB dipole, the spectral distortion vanishes. This can be understood
as follows: As was argued in Sect. 3.2.2, if the chosen reference temperature is equal to Ty—
as given by equation (3.33) the total y-parameter is zero. For 3 = —1 and g = 1 the beam
moments <522 >r,i are both equal and therefore do not contribute to the total inferred y-parameter
(3.67b). In this case we obtain Ty—o = Try = (Ty1+1y2)/2 = To+O(B3). Therefore, consistent
in the second order of 34 the total inferred y-parameter vanishes. This conclusion can also be
directly drawn from equation (3.35).

Case T, = Tr,l

In this case, again making use of equation (3.49) and (3.67¢) one may find

Yret1 = 3ya Ap® G + O(B) . (3.73)
Now using equation (3.68) we may write the total inferred y-parameter as
ya1 = 3yalr [Ap- [ pa — ]l + O(67) (3.74)

The largest values of the y-parameter in the pi, Ap-plane are obtained for the combinations
(p1,Ap) = (1,-2) and (—1,2). In these optimal cases the y-parameter is

YA 1,0pt = 12 Yd Ci + O(/Bg) . (375>

For high resolution ({4 — 1) we can obtain y4 1 cpt directly as the difference of two Planck
spectra with temperature corresponding to the maximum 75 and the minimum 7} of the dipole
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using (3.40b) with Tyef = 7. In this case we directly get 5 [(Tb — T1)/T1]* = 283 = 12yq. As
will be discussed later this way of comparing the maximum and minimum of the CMB dipole
should open a way to cross calibrate the frequency channels in future experiments with full sky
coverage to very high precision (Sect. 3.7).

The dependence of y.4 1,0pt 00 the beam radius is shown in Fig. 3.6. As in the previous case,
the y-distortion does not vanish for high resolution (f, — 0) and in the maximum it is even 12
times bigger than y4, corresponding to yopt = 3.1 - 1076, This is only ~ 5 times below the cur-
rent upper limit on the mean y-parameter given by COBE/FIRAS. The corresponding absolute
temperature difference in some of the PLANCK frequency channels are given in Table 3.1.

Another case may be interesting for CMB missions with partial sky coverage, but which
have access to the maximum or the minimum of the dipole (u; = +1) and a region in the
directions perpendicular to the dipole axis (u2 = 0): Using (3.74) with (p1,Ap) = (£1,7F1)
one obtains

Ya2.opt = 3YaC + O(BY). (3.76)

In this case the amplitude is comparable to y.4,0, but the dependence on the beam radius 6, is
much weaker (see Fig. 3.6).

3.7 Cross Calibration of frequency channels

The cross calibration of the different frequency channels of CMB experiments is crucial for the
detection of any frequency-dependent signal. As has been mentioned earlier usually the dipole
and its annual modulation due to the motion of the earth around the sun is used for calibration
issues. The amplitude of the dipole is known with a precision of ~ 0.3% on a level of AT ~ mK.
But the sensitivities of future experiments will be significantly higher than previous missions
and request a possibility for cross calibration down to the level of tens of nK.

In this Sect. we now discuss two alternative ways to cross calibrate the frequency channels
of future CMB experiments. Most importantly we show that making use of the superposition
of blackbodies and the spectral distortions induced by the CMB dipole should open a way to
cross calibrate down to the level necessary to detect signals from the dark ages as proposed by
Basu et al. [9].

3.7.1 Calibration using clusters of galaxies

It is obvious that the brightest relaxed clusters of galaxies on the sky open additional way
to cross calibrate the different frequency channels of future CMB experiments like PLANCK
and ground based experiments like AcT. The CMB signal of the majority of rich clusters
has a very distinct y-type spectrum due to the thermal SZE. Multi-frequency measurements
allow one to determine their y-parameters and thereby open a way to use them as sources for
cross calibration. This cross calibration will then enable us to detect the effects of relativistic
correction for very hot clusters and thereby to measure the temperatures of clusters independent
of X-ray observations.

Clusters such as Coma, where existing X-ray data provide excellent measurements of the
electron densities and temperatures inside the cluster and where we know the contamination
of the CMB brightness by radio-sources and the dust in galaxies very well, even may be used
for absolute calibration of CMB experiments. For the Coma cluster today X-ray data allow us
to predict the CMB surface brightness with precision of the order of a few percent.

Due to the redshift independence of the SZ signal, distant clusters have similar surface
brightness but much smaller angular diameters. Therefore they are good sources for calibration
issues for experiments covering only limited parts of the sky and having high angular resolution
like AcT (for example ACT is planing to investigate 200 square degree of the sky [77]).
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One disadvantage of clusters for cross calibration purposes is that they are too bright:
Typically clusters have y-parameter of the order of ~ 107> — 10™* and therefore are only a few
times weaker than the temperature signal of the CMB dipole (~ 3mK). In comparison to the
level of calibration and cross calibration achieved directly using the dipole this is not much of
an improvement.

In addition planets or galactic and extragalactic radio-sources might serve for cross calibra-
tion purposes, if we know their spectral features with very high precision. Quasars and Active
Galactic Nuclei are not good candidates for this issue, since they are highly variable in the
spectral band of interest.

3.7.2 Cross calibration using the superposition of blackbodies

All the sources mentioned in Sect. 3.7.1 do not allow us to cross calibrate down to the level
of the sensitivity of future CMB experiments and do not enable us to detect signals from the
dark ages as predicted by Basu et al. [9]. Therefore here we want to discuss a method to cross
calibrate the frequency channel using the spectral distortions induced by the CMB dipole (see
Sect. 3.4). These spectral distortions can be predicted with very high accuracy on a level of
~ pK. This is ~ 1000 times lower than the dipole signal and should therefore allow us the cross
calibration to a very high precision.

Each CMB experiment measures the fluctuations of the CMB intensity on the sky. Due to
the nature of the physical processes producing these fluctuations at each point they are related
to the fluctuations of the radiation temperature. In a map-making procedure the measured
fluctuations in the intensity are translated into the fluctuations in the radiation temperature.
Usually the aim of any map-making procedure is to reduce statistic and systematic error in
order to obtain a clean signal from these CMB temperature fluctuations. As has been discussed
in Sects. 3.2 the superposition of blackbodies with slightly different temperature in the second
order induces y-distortions in the inferred temperature differences. The amplitude of these
distortions depends on the temperature difference and the chosen reference temperature. In
Sects. 3.4 and 3.6 it has been shown that due to the two basic observing strategies, absolute
and differential measurements, the dipole can induce y-distortions with y-parameters up to
y ~ 1076, It was also shown in Sect. 3.5 that contributions from higher multipoles are much
smaller (y ~ 1071t —1079).

The y-distortions induced by the dipole can contaminate the maps produced in the map-
making procedure on a level higher than the sensitivity of the experiment. Therefore it is
important to chose the map-making procedure such that spectral distortions are minimized.
The discussion in Sects. 3.3 has shown that for this purpose in absolute measurements of the
CMB sky it is the best to choose the temperature of the reference blackbody close to the beam
RJ temperature. This implies that for CMB experiment the best choice for the temperature of
the internal calibrator is the full sky mean temperature Tj. In order to minimize the spectral
distortions arising due to the superposition of blackbodies in differential measurements the best
choice for the reference temperature used to relate the intensity difference maps to the temper-
ature difference maps is the RJ temperature of the combined temperature distribution of both
beams. This optimal reference temperature will be time dependent due to the various scanning
strategies and orientations of the spinning axis relative to the dipole during observations.

The purpose of this Sect. is not to discuss the details about map-making procedures but
to show that there are ways to manipulate these CMB maps in order to make the spectral
distortions arising due to the superposition of blackbodies become useful for cross calibration
purposes. As the discussion in Sect. 3.3 has shown, for this issue it is better to move Tyef as
far as possible away from Ty. The optimal choice of Tief depends on the sensitivity of the
experiment and on the observing strategy: For absolute measurements 7}t should be as close
as possible to Tj in order to minimize the induced y-distortions but on the other hand it
should be chosen such that the induced y-distortion due to the CMB dipole is still measurable
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Table 3.1: y-distortion: AT = Tt - y in uK for y as given in the left column in some of the PLANCK
spectral channels. Here yq = 2.6 - 1077, Yopt,0 = 3¥Yd and Yopt = 12y4.

Center of channels [GHz|
Ve 30 44 70 100 143 217 353

Yd 0.03 0.07 0.17 034 067 139 297
Yopt,o 0.10 0.21 0.52 1.03 2.01 418 8.90
Yopt 039 0.83 2.07 413 805 16.71 35.56

within the sensitivity of the experiment. But in principle there is no strong constraint, since
the induced y-distortions can again eliminated afterwards. For differential measurements it is
possible to chose the optimal reference temperature for calibration issues independent of the
best map-making reference temperature, but here it is important to compare regions on the
sky with maximal temperature difference, i.e. with maximal angular separation in the observed
field. Below we now separately discuss CMB experiments using differential measurements with
full and partial sky coverage in more detail.

Full sky CMB surveys

For full sky missions like PLANCK the regions with maximal temperature difference are located
around the extrema of the CMB dipole. Using equation (3.74) we see that they correspond
to Ap = 2 and the resulting maximal spectral distortion is characterized by yopt = 12yq =
3.1-1075, if we set Tref = Tr,l or Tref = Tr’g, i.e. to the maximum or minimum of the temperature
on the CMB sky arising due to the dipole.

One attractive procedure to compare the maximum and minimum of the CMB dipole is to
take the CMB intensity maps of each spectral channel and to calculate the difference between
each map and the map obtained by remapping the value of the intensity I(n) at position n to
the value I(—n) at position —n, i.e rotating the initial map by 180 degrees around any axis,
which is perpendicular to the CMB dipole axis and is crossing the origin or equivalently setting
f2 = —p1 in equation (3.66).

Afterwards these artificial intensity maps for each spectral channel are converted into tem-
perature maps using equation (3.6) and setting the reference temperature at each point to
T.(n) = T,1(n) of the intrinsic map. Neglecting the contributions from intrinsic multipoles
with [ > 2, the difference map in some frequency channel 2, = hv/k T, 1 will be given by

AT (%, 7 A
# — 28 Ce 2R 4 1250 C gy (3), (3.77)

where we used the definition (3.4) for g, (Z). This shows that the artificial maps will contain a
frequency-independent temperature dipole component with twice the initial dipole amplitude
and a monopole and quadrupole y-distortion resulting from the second term in (3.77). The
maxima of the spectral distortion will coincide with the extrema of the CMB dipole.

Now, using the artificial map of the lowest frequency channel as a reference and taking the
differences between this reference map and the artificial maps in higher spectral channels we
can eliminate the frequency-independent term corresponding to twice the dipole in equation
(3.77). This then opens a way to cross calibrate all the channels to very high precision, since
the quadrupole component in these artificial maps will be larger in higher spectral channels,
following the behavior of g, with .

The signal will include both statistical and systematic errors for the average temperature
of the sky and the dipole amplitude Gq. All uncertainties are mainly influencing the frequency-
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independent dipole term but for the frequency-dependent monopole and quadrupole they will
become important only in next order:

Tl : ﬂﬁ = TLO ﬁio (1 + AT) . (1 + AB)Q
= Tl,O ﬁg,o [1 +2 AB + AT] + O(Alg . AT) s (378)

where Tl,O is the correct value of the temperature at a given point on the sky, 34 is the correct
dipole amplitude and A7 and Ag are their corresponding relative uncertainties. This implies
that all the corrections to the frequency-dependent terms are at least 1000 times smaller than
the signal we are discussing here. On this level correction due to higher order moments might
become important, but their contributions will be less than 1%. This means that y-distortion
on a level of 10 uK can be predicted with ~ 100 nK precision.

Applying the procedure as described above we are adding signals that have statistically
independent noise. Therefore the statistical noise of the artificial maps should be a factor of
2/v/2 = /2 stronger than the initial maps. On the other hand we are increasing the amplitude
of the y-distortion quadrupole by a factor of 12, resulting in strong gain.

The maxima of the quadrupole component in the artificial maps will be rather broad and
correspond to thousands of square degrees on the sky, allowing us to average the signal and
thereby increasing the sensitivity. For a circular beam average the formula (3.77) will be appli-
cable. The statistical sensitivity of the PLANCK experiment will permit us to find these spectral
distortions in the artificial maps down to the level necessary to detect the effects of reioniza-
tion as discussed by Basu et al. [9]. Applying the above procedure to the 33 GHz and 93 GHz
frequency channels of WMAP will lead to a maximal temperature difference of AT = 3.6 K,
whereas the maximal difference will be AT = 35.6 uK for the 353 GHz channel of PLANCK (see
Table 3.1). Nevertheless, even in the case of WMAP the very high precision of the experiment
might permit the detection of this quadrupole and thereby open the way to cross calibrate its
different spectral channels.

For COBE/FIRAS the proposed method permits us to check the precision of the internal
calibration. The internal calibrator was measured and tested with some finite precision and
there is the possibility that the internal calibration may be better than the precision at which
it was tested. The proposed method has distinct spectral and angular properties, making it
possible to improve the cross calibration of the spectral channels and possibly this will open a
way to further improve the great results this experiment already gave us.

CMB surveys with partial sky coverage

Surveys with partial sky coverage may not simultaneously have access to regions around the
maximum and the minimum of the dipole. Therefore here one should choose two regions in the
accessible field of view such that the mean temperature difference between these regions is as
large a possible. The dependence of the signal on the separation angle has been discussed in
detail in Sect. 3.6.

Before cross calibration all the bright sources detected such as bright clusters of galaxies
and point sources inside the chosen areas should be extracted. Typically the expected amount
of SZ sources will be of the order of a few tens per square degrees with corresponding angular
extensions less than 1’ [see 32, 107]. Afterwards the difference of the signals in the two patches
can be taken and compared to the signals in the other spectral channels.

For example choosing one area centered on the minimum or maximum of the CMB dipole
as a reference (T, = T, r,1) and choosing the second area in the ring perpendicular to the dipole
axis the maximal y-parameter is y = 3yq(, = 7.7- 1077 ¢, (cf. equation (3.76)). If we instead
set T, = Ty we obtain the same maximal y-parameter but a stronger dependence on the beam
radius or size of the regions we average (cf. equation (3.72)). This small example shows that
for any experiment with partial sky coverage a separate analysis of the optimal choice of the
reference temperature and the regions on the sky has to be done.
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3.8 Other sources of spectral distortions

Injection of energy into the CMB prior to recombination leads to spectral distortions of the
background radiation. Given the WMAP best fit parameters, before redshift zg, ~ 2-10° all
distortions are efficiently wiped out, whereas energy injection in the redshift range 2z, > 2z > 2,
with 2z, ~ 1.4 - 10%, leads to a u-distortion and injection in the range 2y > 2 > Zrec 1O a y-
distortion, with zye. ~ 1090 [126, 66, 25, 59].

As was shown by [118] photon diffusion and thermal viscosity lead to the dissipation of
small scale density perturbations before recombination. This damping of acoustic waves will
contribute to a u- and y-distortion because it was leading to (i) energy release [126, 45, 60] and
(i) mixing of photons from regions having different temperatures [142].

Now, the WMAP data implies that the initial spectrum of perturbations is close to a scale-
invariant Harrison-Zeldovich spectrum with spectral index n = 1.03 £ 0.04 [11]. Different esti-
mates for the spectral distortions arising from the dissipation of acoustic waves in the early uni-
verse give a chemical potential of the order of pgis ~ 2- 10~7 and y-distortions with ygis ~ 1077
[45, 60].

Another contribution to the y-distortion arises from the epoch of reionization [141, 61] and
from the sum of the SZE of clusters of galaxies [83]. The WMAP results for the TE power
spectrum point towards an early reionization of the universe with corresponding optical depth
Tre = 0.17 £0.04 [73, 121]. Here two main effects are important: (i) The photoionized gas
typically has temperatures 7" of the order of ~ 10% K. Therefore the diffuse gas after reionization
will produce a y-distortion in the CMB spectrum with

kT 7 Tre T

dr ~ 310~ .
mec® T 017 10K

Yre ™~

(ii) The motion of the matter induces a y-distortion on the whole sky due to the second order
Doppler effect, with corresponding y-parameter [61], y, = %IO'T Nec<1)2> dt, where <v2> is
the velocity dispersion over the whole sky in units of the speed of light. For a CDM model it
is of the order of

2 2
Yo~ 21078 ([@}1/2_1> (%) h

10 10-5 0.0224

Since the reionization optical depth is very small, this is one order of magnitude smaller than
Yre. If secondary ionization was patchy this will in addition lead to angular fluctuations [110].

All the effects mentioned in this section lead to y-distortions with corresponding y-parameter
in the range y ~ 1078 — 10~7. As has been shown in Sects. 3.4 and 3.6 the y-distortions arising
due to the CMB dipole are of the same order. For example the CMB dipole induces a full sky
y-distortion with yq = 2.6 - 10~7. Therefore, to measure any of the effects discussed above it is
necessary to take spectral distortions associated with the CMB dipole into account. But since
the angular distribution and the amplitude of these distortions can be accurately predicted
they can be easily extracted. As has been shown in Sect. 3.5 spectral distortions arising from
higher multipoles typically have y ~ 107 — 107 and therefore do not play an important
role in this context. But even for these distortions the locations and amplitudes can be ac-
curately predicted with measured CMB maps and therefore offer the possibility to eliminate
these distortions from the maps.

3.9 Summary

We have discussed in detail the spectral distortions arising due to the superposition of blackbod-
ies with different temperatures in the limit of small temperature fluctuations. The superposition
leads to y-distortion with y-parameter yg = <62> /2, where <62> denotes the second moment
of the temperature distribution function, if the difference in temperatures is less than a few
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percent of the mean RJ temperature. We have shown that in this limit even comparing to pure
blackbodies leads to a y-distortion.

The results of this derivation were then applied to measurements of the CMB temperature
anisotropies with finite angular resolution and in particular to the CMB dipole and its associ-
ated spectral distortions, but in principle the method developed here can be applied whenever
one is dealing with the superposition of blackbodies with similar temperatures. We have shown
that taking the difference of the CMB intensities in the direction of the maximum and the
minimum of the CMB dipole leads to a y-distortion with y-parameter yop; = 3.1 - 1076, This
value is 12 times higher than the y-type monopole, yq = 2.6 - 10~7. Since the amplitude of this
distortion can be calculated with the same precision as the CMB dipole, i.e. 0.3% today [51],
it may open a way to use it for calibration issues.

We discussed another possibility to check the zero levels of different frequency channels
by observing the difference of the brightness in the direction of the dipole maximum and in
the direction perpendicular to the dipole axis: The dipole-induced spectral distortion in this
case is 4 times weaker than for the difference of the maximum and minimum and corresponds
to y ~ 7.7-1077. Nevertheless, it is still 3 times stronger than the dipole-induced whole sky
y-distortion with y-parameter 4.

The value of ygpt is only 5 times lower than the upper limit on the whole sky y-parameter
obtained by the COBE/FIRAS experiment [51] and is orders of magnitudes above the sensitivity
of PLANCK and CMBPOL in each of their spectral channels. Therefore this signal might become
useful for both cross calibration and even absolute calibration of different frequency channels
of these experiments to very high precision, in order to permit detection of the small signals
of reionization as for example discussed by Basu et al. [9], and to study frequency-dependent
foregrounds with much higher sensitivity. We should emphasize that on this level we are only
dealing with the distortions arising from the CMB dipole as a result of the comparison of
Planck spectra with different temperatures close to the maximum and minimum of the CMB
dipole, i.e. due to the superposition of blackbodies. The distortions are introduced due to the
processing of the data and become most important in the high frequency channels.

The development of the CMB experimental technology is repeating with a 20 year delay the
progress that was made in the astronomical observations with X-ray grazing incidence mirrors
and CCD detectors. Due to the big efforts of many spacecraft teams, the X-ray background
today is resolved to more than 85 % [106]. During the next decade, CMB observers will be
able to pick up all rich clusters of galaxies and all bright y-distorted features connected with
supernovae in the early universe, groups of galaxies and even down to patchy reionization in
the CMB maps. Deep source counts may permit the separation of their contribution to the
y-parameter and in principle might bring us close to the level of the y-distortions mentioned in
Sect. 3.8. As has been argued, at this stage the contributions to the y-parameter arising from
the superposition of Planck spectra with different temperatures corresponding to the observed
CMB temperature fluctuations will be the easiest to separate. Again, the main contribution will
arise from the CMB dipole. On the full sky the corresponding y-parameter will be yq = 2.6-1077.
But even the distortions arising from the primordial temperature fluctuations with multipoles
[ > 2 can lead to distortions of the order of y ~ 1079 in significant parts of the sky. In the
future this type of spectral distortion can be taken into account making it possible to enter the
era of high precision CMB spectral measurements.

The main obstacle for measuring and utilizing the effects connected with the superposition
of blackbodies for calibration issues will be the lack of knowledge about both the spectral and
spacial distribution of foregrounds. Given the fast progress in experimental technology and the
increasing amount of data available there may still be a way to separate all these signals in
the future. In any case, for upcoming CMB experiments spectral distortions arising due to the
superposition of blackbodies, the effects of foregrounds and correlated noise should be taken
into account simultaneously and self-consistently.
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Chapter 4

The double Compton process in
mildly relativistic thermal plasmas

In this Chapter the kinetic equation of double Compton emission in an isotropic, mildly rela-
tivistic thermal plasma for arbitrary incoming photon distributions is discussed both numeri-
cally and analytically. With this work we shall obtain the necessary tools to include the effects
of relativistic corrections on the production of photons in the context of the thermalization of
cosmic microwave background (CMB) spectral distortions in the very early universe.

Here temperature corrections up to forth order for the lowest order in the emitted photon
energy are considered. We give two kinds of analytic approximations to the double Compton
emission coefficient at low frequencies: (i) a direct Taylor series expansion in fourth order of
temperature and (ii) an inverse approximation, which utilizes only the first order temperature
correction. We derive these analytic expressions for the double Compton emission coefficient
of incoming monochromatic photons, Planck, Bose-Einstein and Wien spectra and compare
them with the results obtained by a numerical integration of the full Boltzmann collision term
using a Monte-Carlo-method. We show here that combining the direct and inverse formula an
agreement of better than 5 % in a very broad range of temperatures and under various physical
conditions can be achieved.

Furthermore we show that the double Compton emissivity strongly depends on the ratio
of the energies of the incoming photon and electron: For hard photons and non-relativistic
electrons the emission is strongly suppressed as compared to the case of similar photon and
electron energy, whereas in the opposite situation, i.e. relativistic electrons and soft initial
photons, emission is enhanced. For photons and electrons close to thermodynamic equilib-
rium the double Compton emissivity increases less rapid with temperature as compared to the
non-relativistic calculation. Given the importance of double Compton scattering for the ther-
malization of cosmic microwave background spectral distortions after energy release in the early
universe (z > 10°) this fact hints to the possibility that the thermalization at high redshifts is
less efficient. We will discuss possible consequences of relativistic corrections in this context in
Chapter 5. The results of the work presented here will be submitted in the near future [36].

4.1 The current understanding of the double Compton process

Double Compton (DC) scattering is the process of the form e+~q < € 4+71 +72. It corresponds
to the lowest order correction to Compton scattering, with two photons in the outgoing channel
and like thermal Bremsstrahlung (BS) exhibits an infrared divergence at low frequencies.

The full DC scattering squared matrix element and differential cross sections for various
limiting cases were first derived by Mandl & Skyrme [81] and may also be found in Jauch &
Rohrlich [69]. Before the existence of the DC scattering effect was postulated by Heitler &
Nordheim [56] and the expression for the differential cross section in the limit when one of the
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emitted photons is very soft was found by Eliezer [47]. Experimental evidence for the existence
of the effect was obtained by Boekelheide [19] and also Cavanagh [27]. Afterwards the results
of Mandl & Skyrme [81] were confirmed experimentally [134] and even the absolute amplitude
of the DC cross section was measured accurately [87].

The kinetic equation for DC emission and absorption in an isotropic, cold plasma and for
low energy initial photons, i.e. small wg = hvg/mec?, where vy is the frequency of the initial
photon 7, was first derived by Lightman [80] and independently by Thorne [133] using the
soft photon limit. In this approximation it is assumed that one of the outgoing photons (v or
v2) is soft as compared to the other. Under these assumptions the emissivity of DC increases
like o< w? with photon energy [see 69, Eq. 11-45].

In equilibrium, i.e for thermal electrons of temperature T, and Planckian photons with
temperature T, = T,, DC emission is completely balanced by its inverse process, DC absorption.
Including DC and BS emission this equilibrium is reached very fast at low frequencies but the
action of Compton scattering is necessary and very important for the high frequency evolution
of the photon spectrum. It was also realized by Lightman [80] and later again by Pozdnyakov et
al. [101] and Svensson [132] that DC emission in comparison to thermal BS becomes the main
source of soft photons in low density plasmas: let n; be the ion and n, the photon number
density, then the DC emission dominates over BS when the following criterion is fulfilled:

ni < 10n, (k‘ Te/m602)5/ % For this estimate the initial photons were assumed to follow a
Wien distribution and have the same temperature as the electrons. Due to the large entropy
(ni/n, ~ 10710) of the universe, at early stages (z > 5-105) DC emission becomes very
important for the thermalization of CMB spectral distortions and especially the evolution of
chemical potential distortions after energy release [126, 46, 25, 59]. We will discuss possible
implications of the result obtained here for the thermalization in the next Chapter.

Again assuming cold electrons and soft incident photons but making a priori no assumption
about the emitted photon energy Gould [54] obtained an analytic correction factor for the DC
emission coeflicient of monoenergetic initial photons. In his limit the recoil effect is negligible
(i.e. the scattered electrons will carry away momentum but only a tiny amount of energy). Here
we show that for increasing energy of the incident photon the recoil effect becomes especially
important in the high frequency part of the DC emission spectrum. Furthermore, we show that
the low frequency emissivity strongly decreases for larger wg.

In both approaches mentioned above the electrons were initially at rest, implying that no
Doppler boosting is taking place. As we discuss here, increasing the temperature of the electrons
boosting becomes important leading to Doppler broadening at high and an enhancement of the
DC emission at low frequencies. Previously, temperature corrections to the low frequency DC
emissivity in a mildly relativistic plasma for incoming Wien spectra, again in the soft photon
limit, were given by Svensson [132]. It was shown that in the mildly relativistic case the low
frequency DC emissivity increases significantly slower with temperature. Here we now discuss
temperature corrections to the DC emissivity for arbitrary incoming photon distributions and
derive analytic expressions, which are applicable in a wide range of photon and electron energies
including induced effects.

In addition, until now the evolution of the high frequency initial photon was not discussed in
the literature: due to DC scattering the initial photon is redistributed in energy and therefore
a small correction to the Compton process arises. Here we now take into account the full
evolution equation of the photon phase space density under DC scattering. We also in detail
discuss numerically the DC emission for monochromatic incident photons and derive analytic
approximations for the low frequency DC emissivity. Using these results we discuss the case
of more general incoming photon distributions and derive analytic expressions for the effective
DC Gaunt factor. Using these we show that the redistribution of high frequency photons by
DC scattering, at least in the cosmological context, is not important. Therefore we then focus
on the analytic description of the low frequency emission for incoming photons with Planck,
Bose-Einstein and Wien spectra. Note that in the following we use h = ¢ = k = 1 throughout.
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4.2 The kinetic equation for DC scattering

4.2.1 General definitions

DC emission is a result of the scattering event between an electron and a photon with an
additional photon in the outgoing channel:

e(P) +v(Ko) — e(P') + y(K1) +v(Ka2) .

Here P = (E,p), P’ = (E',p') and K; = (v;, k;) denote the corresponding particle four-
momental. In the following we will call v(Kp) the initial, v(K;) the scattered and v(Ks3) the
emitted photon. It is important to bear in mind that this nomenclature for the photons in
the outgoing channel is arbitrary since they are indistinguishable. It is only motivated by the
classical picture, in which the trajectory of the initial photon can be followed, and when it is
scattered without changing its energy significantly. In this case the emitted photon is very soft as
compared to the initial one and it is possible to distinguish then at least energetically. Quantum-
mechanically it is also possible that s > 1; meaning that the two photons in principle can
exchange their roles, i.e. the emitted photon, at least energetically, can substitute the scattered
and vice versa. Note that the emission integral as given below takes both photons into account
and therefore has to be regarded as a two-photon emission spectrum.

Reaction channels

In thermodynamic equilibrium DC emission is balanced by the inverse process, DC absorption.
The time evolution of the phase space density of the photon phase space density under DC
emission and absorption can be described by the Boltzmann equation (see Cercignani & Kremer
[29] as reference about the relativistic Boltzmann equation). If we consider the time evolution
of the photon phase space density at frequency v9, i.e. we focus on the photon vo(K3), four
reactions lead to a change of the occupation number n(vs):

Yot+e—mt+yte (4.1a)
Yot+e—m+y+te (4.1b)
Y2te—+m+e (4.1c)
Yo+e—y+m+e. (4.1d)

The first is the emission of a photon 79 in the outgoing channel due to the collision of the
initial photon 7y with an electron. The second is the destruction or absorption of one photon
2 by a collision with an electron and another photon ;. These two reactions where taken into
account in the derivation of the DC kinetic equation by Lightman [80] and Thorne [133].

The third reaction can be considered as the scattering of the photon ~o out of the phase
space volume and the last reaction is the creation of one photon s out of two. These two
reactions are proportional to the total DC scattering cross section. They effectively lead to
a redistribution of photon in energy rather than a production of new photons. Since for the
reactions (4.1a) and (4.1b) in both directions two possibilities exist (exchange of the roles of
~1 and 77) the relative amplitude of these with respect to the others is a factor of 2 bigger. As
mentioned by Mork [89] this leads to a factor of 3 in the total DC cross section, which has to
be taken into account in the full Boltzmann equation.

Henceforth bold font denotes 3-vectors.
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Statement of the Boltzmann equation

Now one can write down the full kinetic equation for the phase space evolution of the photon
field at frequency 9 as

Ony
ot

(2m)*
DC B %) dITdlo dIr’ dl'y x 54(P + Ko — P~ Ky — KQ) ’ ’M’?‘/O’YI’YQ F’YO’YI’Y2

1
= S0P+ Ky — P~ Ky = Ko) - [ M0, me} . (4.2)

Here the particle phase space volumes have the form

d3p d3p/ d3]€
M= —u— 0= —=— [=
d (27)32F d (2m)32F" dr’ (2m)32y;

(4.3)
for the electrons and photons correspondingly. The squared matrix element |M|? = €5 X fol-
lows from quantum electrodynamics. Here e is the electron charge and X is defined in the
Appendix D.1. In the above notation M2 . and |[M]2 . indicate that the roles of the
photons v and 72 were exchanged in the evaluation of |M]|?2.
Assuming that Fermi blocking is negligible, the statistical factor F,,,,;, with i # j, is given
by
F%fylfyj = fnl[l + nl][l + nj] - f/ ni ’I’Lj[l + nz] , (44)

where the abbreviations f = f(p), f' = f(p’) for the electron and n; = n(k;) for the photon
phase space densities were introduced. In equation (4.2) the term o< Fly,,~, corresponds to the
reactions (4.1a) and (4.1b) and the term o F,,,,~, accounts for the channels (4.1c) and (4.1d).
Note again the factor of § in the second term of the integrand of (4.2).

In the following we assume that all the phase space densities are isotropic implying that
they only depend on the energy of the corresponding particle. Furthermore we also assume that
the electrons are non-degenerate, justifying that Fermi blocking was neglected above. In this
case, the electron phase space density may be described by a relativistic Maxwell-Boltzmann
distribution

Ne —F/mebe
HE) = i (17006 € fmete, (45)
where N, is the electron number density, such that N, = [ f(F)d®p, and K5(1/6,) is a modified
Bessel function of second kind [1], with 8, = T, /m.. In the low temperature limit, §, < 1, the
relativistic Maxwell Boltzmann distribution (4.5) can be handled by the expression given in
the Appendix A, which is useful for both analytic and numerical purposes.
To further reduce the Boltzmann collision integral (4.2) one can make use of the J-functions,
which assure energy and momentum conservation. We first integrate over the momenta of the
scattered electrons d*p’, leading to the substitution

P =p+ko—Fki—ko (4.6a)

in the whole integrand of the Boltzmann equation (4.2). Note that for the second term of the
integrand in equation (4.2) the 3-momenta ko < kg have to be exchanged. Equation (4.6a)
corresponds to the condition for momentum conservation and is complemented by the energy
conservation equation, which as an example can be expressed like

P Ky-P-Ky— KoKy
(P+Ko—Ky)-Ki

(4.6b)

A similar equation can be obtained for the energy of the emitted photon K5 by the replacement
Ky — K. Depending on the physical situation, equation (4.6b) can be used to eliminate one
additional variable in Boltzmann collision integral (4.2).
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Below we now discuss two possible ways of preceeding, one leading to a description of the
DC scattering process with standard textbook scattering cross sections, the other leading to the
conditional DC' emission kernel, P(vg — vo|vy), which describes the DC emission spectrum
in an isotropic plasma for monochromatic initial photons and thermal electrons, with fixed
energy, v1, of the scattered photons. It turns out that especially for the understanding of DC
scattering the kernel approach provides very useful and interesting insights into the physics of
DC scattering, but for analytic derivation the standard approach is significantly simpler.

4.2.2 Standard approach

After carrying out the integration over the scattered electron momenta, d®p’, the standard
textbook procedure is to further simplify the Boltzmann collision term by integrating over the
frequency of the scattered photon, dvy, in the interval [0, oo). This then, in addition to relation
(4.6a), leads to the substitution (4.6b) in the whole integrand of (4.2). Now, the Boltzmann
equation for the phase space evolution of the photons can be cast into the form

3%2
ot

do ’70“11’72 G2 V dU’YQ“fl’YO
d3 /dgkjo/ dﬂl {g@o dA F'YO'YI'YZ - ; ]/(2% dA F'YQ'YI'YO} 5 (47)

where d®kg and d€; denote the integration over the initial photon momenta and solid angles
of the scattered photons, respectively. The differential DC scattering cross section in this case
is given by [see 69, Eq. 11-38]

dUVDZng B ozrg V1 Vj X (4.8)
dA (47T)2 9ei? Vi (P + K; — KJ) . Kl ‘ ‘

Here we defined the Mpller relative speed of the incident electron and photon as g4 = P K, =
1 — B tei, with the dimensionless electron velocity 5 = |v|/c = |p| = |p|/E and the directional
cosine feg = P - 12:0. Note that in the following an additional hat above 3- and 4- vectors
indicates that they are normalized to the time like coordinate of the corresponding 4-vector.
Furthermore o = €2?/4m ~ 1/137 is the fine structure constant, ro = a/m, is the classical
electron radius and v = E/m, = 1/4/1 — 32 denotes the Lorentz-factor of the initial electron.
One also has to bear in mind that the invariant matrix element has to be evaluated accordingly,
i.e. X(K(], Kl, KQ) 7& X(KQ, Kl, K(])

In general the Boltzmann collision integral (4.7) has to be performed numerically, but in
the limit of small temperatures and energies of the initial and emitted photons it is possible to
derive various useful analytic approximations, which we will discuss below.

4.2.3 Kernel approach

In order to obtain the conditional DC emission kernel, P(vg — v2|v1), we align the z-axis of
the coordinate system with the direction of the emitted photon K5 and in addition to d3p’
integrate over the directional cosine du1o of the scattered photons. In the following we use the
notations f;; = IQ:Z . l%j and ¢;; for the directional cosines and azimuthal angles between the
photons ¢ and j, respectively. In the same manner we introduce abbreviations for quantities
involving the initial electron and photon ¢, i.e. pe; = P - l%l and ¢e; for the directional cosines
and azimuthal angles between these particles, respectively.

With these comments the full kinetic equation for the evolution of the isotropic photon
phase space density, n(v), under DC scattering off relativistic, Maxwellian electrons can be
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cast into the form

on Vg
Tl = [ nolt+ mllt 4l Pl = v 11) dvo don

DC D)

- /m na[l + nol] P(vo < va |11) dg din

—_

_ 5 /ng[l + no][l + nl]P(VQ — 1 ’ I/1)d1/0 durq

1 Ve
+ 3 / V—g ning[l + ng] P(va «— vo|vy)drgdry (4.9)
2

where the abbreviation n; = n(y;) for the isotropic photon phase space density was used. Here
the conditional DC emission kernel is given by

do_'Yi’Yl'Yj
Pvi — vjlv) = /// d*p dQg dero gmdDifl I, (4.10)

where d3p and dQy denote the integration over the momenta of the incident electrons and
the solid angle of the initial photons, respectively. In addition we defined the differential DC
scattering cross section as

Vi 2 &
dope” _ arg v O — |puip) X (4.11a)

dA1 (47[')2 9oV Vi NIfQ ’
k=1 |a1 + (0%) \/W|

where ©(x) is the Heaviside step function, which is unity for non-negative argument but zero
otherwise. Note that here the invariant matrix element X has to be evaluated at j12 = pfy and
also the sequence of photons has to be preserved. Furthermore we introduced the abbreviations

12 —aiaz o Vvai+ad —a? (4.11b)

K12
a% + a%

1 = wa — wo fo2 — V0 He2 (4.11c)

gy = wo cos(doz — P12)\/ 1 — pdy + 70 cos(de2 — d12)1/1 — 12, (4.11d)

Ao — wadg] —
o3 = ¥+ wo — wy — 2 [woAo — wada] — wowacrp: ’ (4.110)
w1

with the dimensionless photon energy w; = v;/me, the electron and photon scalars \; = PK; =
1 — Ble; and oy = Ki . R'j = 1 — p;j. Equation (4.11b) follows as a solution of the energy
conservation equation (4.6b). The corresponding expression in the case when the photons 7
and 7, are exchanged can be directly deduced from (4.11b) — (4.11e).

Detailed balance relation

In thermal equilibrium the photon phase space density does not change under DC scattering.
Therefore, making use of the detailed balance principle equation (4.9) leads to the relation

Pl — vj| ) = =5 €"ei e x P(u; — v 1), (4.12)

where we defined x,j = % and AZe; = Te1 — Tei-
. ;
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The relation (4.12) may be used to rewrite the Boltzmann equation (4.9) as

ona v
-1 = [ 5P — va|r) 1+ no][l + ][l + no
ot DC vy
« o ole.2 eA:ve,oL 12 dyg dvy
1+ ng 14+n1 14+ n9

_ %/’P(]@ — vg |v1) [1 4 nol[1 4+ n1][1 + ne)

X 12 — g¥e0 eAme,Q & i dl/o dl/1 . (413)
1+ n9 1+nyg1l+4+ng

In this form it is more suitable for numerical applications. If induced terms are not important
the second term in each curly bracket is negligible and in addition one can drop the factors
[1 4 no][L + m][1 + nal.

Interpretation of the kernel

If we consider isotropic and monochromatic initial photons with phase space density, n(v) =
Nod(v —uwp)/ 1/02, where 1y is the frequency of the initial photons and Ny is their corresponding
isotropic number density, which is assumed to obey Ny < 18 such that induced terms can be
neglected, the Boltzmann equation (4.9) can be written as

m

Ony
ot

6(v2 — o)
Vig/?(w — vy |v)dygdey . (4.14)

N, N,
:V—g/lp(l/oﬁljgll/l)dl/l—To
DC 2

In this case for all frequencies v # 1y only the DC emission integral contributes to the phase
space evolution of the photons. Here a interpretation of the DC kernel can be directly given:
fixing the frequency vy of the scattered photon P(vy — v2|v1) is proportional to the total
number of photons emitted per unit time into the frequency interval (vo,v9 + drp). Tuning
the frequency v, one obtains the DC emission spectrum of all the initial photons for which the
scattered photons have frequency v. This in addition implies that the integral of P(vg — vo | 14)
over dry is proportional to the total number of photons scattered per unit time into the
frequency interval (v1,v1 + diy), i.e.

om
ot

moN,
== /P(uo — vy | 1) dus . (4.15)
pc Y

Here it is important to note that in general
P(vg — va|vn) # Pvo — vi|1a). (4.16)

Although the matrix element X is fully symmetric under exchange of the photons K7 and K»
both the scattering cross section (4.11a) and the DC kernel have lost this symmetry.

For vs = 1y also the second term in (4.14) contributes. Its origin can be understood in the
following way: multiplying (4.14) by v2 and integrating over dvy leads to

m

o,
ot

N
= NO/P(VO — vy |vy)dry drg — 70 /P(Vo — v v1) dyfdey (4.17)
DC

The two integrals appearing here are identical and correspond to the total DC' scattering cross
section, oqc, for this case. Therefore the total change of the number of photons produced in
the outgoing channel is given by 8,5]\72%07tot = 04c.Np. Only half of these photons were newly
created the other half has been scattered out of their initial phase space volume, reducing the
occupation number at vy by o4.No/ 21/8.
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Figure 4.1: The conditional DC emission kernel, P(vy — va | v1), for cold electrons (6, = 0) as a function
of wa = wa/wy for three energies of the scattered photon, wy /wg = 0.1, 0.5 and 0.9, and different energies
wp of the initial photon, as indicated respectively. The infrared divergencies for wy — 0 and we — 1
have been scaled out. Also the range of wy in each plot was chosen for convenience.

4.3 The DC emission kernel P(vy — 15| v;) for thermal electrons

In this Section we will discuss the properties of the conditional DC kernel in detail numerically
for some illustrative cases. A brief description of the numerical approach we use to solve the
multidimensional Boltzmann integrals is given in the Appendix D.2. We also make attempts
to understand some of the general features of the DC kernel analytically and by comparison
with Compton scattering.

4.3.1 The DC kernel for cold electrons

Figure 4.1 shows some of the numerical results for the conditional DC emission kernel in the case
of cold electrons as a function of the emitted photon frequency. Here we focus our discussion on
three representative choices for the frequency of the scattered photon, i.e. w;/wp = 0.1, 0.5 and
0.9, and different energies of the initial photon. We have scaled out the infrared divergencies for
wg — 0 and wy — 1. This property of DC emission will be discussed in detail later (Sect. 4.4.5).

Since the electrons are initially at rest each photon in the outgoing channel can only have
energies less than vy (11 < vy and vy < 1g). For vy < me the recoil is negligible (i.e. the
scattered electrons will carry away momentum but only a tiny amount of energy) implying
that the sum of the energies of the emitted and scattered photon for one single event obeys
vo = v1 + vy — O(vg/me). As can be seen in Fig. 4.1, for soft initial photons (i.e. wo = 107%)
the kernel is very close to a d-function. It will be shown below that the width of the kernel in
this case is Ap ~ 2wy (see Eq. (4.19)).

On the other hand the width of the kernel increases strongly for higher energies of the
initial photon, i.e. when the recoil becomes significant. The characteristic height of the kernel
in each case is ~ 1/wq. For wy/wg = 0.5 in the chosen coordinates the kernel is rather symmetric
around a central frequency even for initial photons with energy wg < 0.15, whereas in the other
two cases, w1/wp = 0.1 and wy/wy = 0.9, the kernel is strongly asymmetric with a maximum
closer to its lower boundary. Note that possibly due to the larger number of degrees of freedom
for DC scattering in contrast to the case of Compton scattering there is no cusp.

Simple analytic considerations

Using the energy conservation equation for the photon K5 one can deduce its allowed maximal
and minimal frequency for a given scattered photon energy, v1, depending on the energy of the
initial photon. Similar to the case of Compton scattering, the maximal energy follows when
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Figure 4.2: The conditional DC emission kernel, P(vg — vy | v1), for soft initial photons with wp = 1074
as a function of wy = wa/wy for three energies of the scattered photon, w;/wy = 0.1, 0.5 and 0.9, and
different electron temperatures 6., as indicated respectively. The infrared divergence for ws — 0 has
been scaled out. Also the range of ws in each plot is chosen for convenience.

both photons in the outgoing channel are propagating in the same direction as the initial photon
(forward scattering). Here the momentum transfer to the scattered electron is zero and due to
energy conservation it follows o max = 19 — 1. On the other hand the maximal momentum
is transfered to the electron, when both photons are propagating in the direction opposite to
the initial photon (backward scattering). With these energetic considerations one may conclude
that the energy of the emitted photon lies within the frequency range

max(0, 1 —w; — Ap) <wy <1 —wy, (4.18)

where here we introduced the abbreviation w; = w;/wy and defined the total width of the DC
kernel as

2 wol<<1
= _EH0 % 9y, (4.19)
1—|—2w0

Ap
This equation also describes the width of the Compton kernel in the case of cold electrons
and therefore again shows the close connection between DC and Compton scattering. But
here one should stress that there is one additional constraint for the width of the DC kernel,
which follows from the fact that its lower boundary has to be non-negative. In the the case of
Compton scattering the energy of the scattered photon is limited to the range 1—Ap < w; < 1.
Since Ap < 1 no further restrictions to the Compton kernel are necessary. In the case of DC
scattering, it follows from equation (4.18) that for a given frequency of the scattered photon,
there is a critical frequency, wo p crit, for the initial photon, at which the lower boundary of the
DC kernel vanishes. This frequency is given by

1-— w1
WO,’P,crit = le . (420)

For w; < 1 the initial photon energy can be arbitrarily large and still the lower boundary of
the DC kernel is non-negative, just like for Compton scattering. This case is equivalent to the
soft photon limit, with the photon K7 playing the role of the emitted soft photon. If we consider
the cases wy = 0.5 and 0.9 we find wopcrit = 0.5 and wo p it = 1/18 ~ 0.055, respectively.
A comparison with Fig. 4.1 shows that all these properties of the DC kernel for cold electrons
discussed here are recovered very well.
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Figure 4.3: The conditional DC emission kernel, P(vg — v |v1), for initial photons with wy = 5 X 102
as a function of wy = wa/wy for three energies of the scattered photon, wy/wy = 0.1, 0.5 and 0.9, and
different electron temperatures 6., as indicated respectively. The infrared divergence for we — 0 has
been scaled out. Also the range of wy in each plot is chosen for convenience.

4.3.2 The DC kernel for thermal electrons

Figure 4.2 shows some of the numerical results for the conditional DC emission kernel in the
case of soft initial photons as a function of the emitted photon frequency. Again we focus
our discussion on three representative choices for the frequency of the scattered photon, i.e.
w1/wo = 0.1, 0.5 and 0.9, and now vary the temperature 6, of the electron gas. For the cases
shown the recoil is negligible and the spectra are dominated by Doppler broadening. The emitted
photons now are no longer restricted to frequencies vo < vy — 11, since the initial electrons can
transfer energy to the photon field. Due to the similarity of this effect with inverse Compton
scattering one may call it inverse DC scattering.

In Fig. 4.3 we show a sequence of kernels illustrating the transition between recoil and
Doppler domination. Here one may see that the broadening due to the Doppler effect is much
stronger than due to recoil. Therefore, like in the case of Compton scattering, the transition
from recoil to Doppler dominated spectra is very rapid.

4.3.3 Mean photon energy and dispersion of the DC kernel

In order to further compare the properties of the DC kernel with the Compton kernel we here
introduce the mean photon energy and the dispersion of the kernel. Since the normalization of
the DC kernel is a strong function of photon energy (e.g. due to the infrared divergence), it is
convenient to define a normalized kernel distribution function. Therefore here we introduce the
kernel normalization, A’p, mean photon energy, wp, and dispersion, op, as

NP = /P(Vo — 9 ’ 1/1) dl/g (4.21&)
1

wp = ./\T'p /U)Q ’P(I/() — U | I/l) dvy (4.21b)
1

O-%:./\TP/[U)Q_U)P]QP(VO—>V2’V1)d1/2’ (421C>

where all these quantities are functions of the electron temperature 6., the initial photon
frequency vy and the scattered photon frequency v1. Furthermore we have expressed the mean
photon energy and the dispersion in units of vg.

Here we focus on the DC kernel for low frequency scattered photons, since there one expects
the biggest correspondence to Compton scattering. Numerically we calculated the mean and



4.4 DC EMISSION FOR MONOCHROMATIC PHOTONS AND THERMAL ELECTRONS 67

s

AW

Lol o)

|

Ll
Lol 1l

FRTTT IATTIY MRETTY ERETITT MY

|

1Awl

E 1AWl
A0 vl il il

Lol 1y

C vl

IS [
T

I |

10 |
AL B AL B R 10 T

—_
(=}

—
O_.

Ly
N
L YN

F Double Compton
t ---- Compton

TRRTIIT YR VITT

vl
Ll

Gl ol ol
Ll
Ll

o

Sl i il

10-27’/‘ Coonl il il 10-27 T T R B
10° 10° 107 10" S5 10t 10° 107 10" 050t 10° 107 10" 05
[0)

0 e e

(=}

Figure 4.4: Properties of the conditional DC emission kernel for soft scattered photons( wy/wg = 0.1).
Shown are the mean energy change (upper panels) Aw = wp — (1 — w;) and the dispersion (lower
panels) op in comparison to the corresponding Compton scattering quantities, Awcg = wp cs — 1 and
ocs- The left panel shows the numerical results for cold electrons as a function of the initial photon
energy. The middle and right panels are given for soft (wp = 10*) and intermediate (wg = 5 x 1072)
initial photons as a function of electron temperature, respectively. Note that for the mean energy change
absolute values are presented.

dispersion for w; = 0.1wp. We have also done integrations for w; = 0.01wg and w; = 0.5wy,
which all show a very similar dependence on the chosen parameters, but were numerically more
demanding.

For cold electrons it is possible to give the exact expressions for the normalization, mean and
dispersion of the Compton kernel (see Appendix C.1.1). In the case of non-zero temperature
various approximations exist for mildly relativistic electrons and photons, which of those we
used here are summarized in the Appendix C. In the case of even higher temperatures and
photon energies we performed a numerical evaluation of the Boltzmann-integrals for Compton
scattering using the same numerical procedures as for DC scattering substituting the cross
sections and variables accordingly.

Some of the properties of the conditional DC emission kernel for low frequency scattered
photons are shown in Fig. 4.4 in comparison to the corresponding Compton scattering quan-
tities. The presented results again directly show the close link between DC and Compton
scattering in the soft photon limit. Except for some factors of the order of 1-2 the characteris-
tics of both kernels are very similar. Comparing the dispersions for cold and thermal electrons,
again one can see that the broadening due to the Doppler effect is much stronger than for
the recoil. Similarly the mean gain of energy due to Doppler boosting is larger. In general the
gain of energy and broadening seem to be slightly stronger for DC in comparison to Compton
scattering. Going to w1 = 0.01 wg did not affect the curves very much. However, one may expect
that higher order moments would reveal differences between the shapes of the kernels of DC
and Compton scattering.

4.4 DC emission for monochromatic photons and thermal elec-
trons

We will discuss the full kinetic equation for the time evolution of the photon phase space
density under DC scattering for different physical conditions below, but in this Section we
focus our analysis only on the emission process for isotropic, monochromatic photons, with
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phase space density n(v) = No §(v — v9)/v3, and isotropic thermal electrons of temperature T,
in the incoming channel. In this case, using the DC differential cross section (4.8) the change
of the phase space density due to DC emission can be written as

N d "/O’Yl"/z
°/d3 /on/ A0 goo—50—f - (4.22)

Note that here we again have neglected induced effects, i.e. we assumed Ny < 1/3 and that the
electrons are non-degenerate.

3%2

4.4.1 Cold electrons and soft initial photons

In this Sect. we now first summarize some of the analytic approximation for cold electrons and
soft initial photons and then present numerical results for this case.

Lightman-approximation

The expression obtained by Lightman [80] can be deduced from the Boltzmann emission integral
(4.22) by performing a series expansion of the DC differential cross section (4.8) in lowest
orders of 1y <« me and s < me and setting § = 0, i.e. assuming that the electrons are
initially at rest. In this limit f(p) = N, (p)/4m p? and the integration over d®p can be carried
out immediately. The series expansion in lowest order of vo < m, is equivalent to using the
soft photon approximation for the DC differential cross section, i.e. assuming in addition that
o K 1. It follows:

da%ogm « 2w0 Ap 2] ’ (4.23)

A L%ETO [1+ p) [1—%1—7
with Ap = po2 — p12. Now, after aligning the z-axis with the direction of the emitted photon
all the integrations can be easily performed analytically. Making use of the identity oy =
o2 112 + cos(po2 — gblg)\/l - qu \/1 — ,u%2, where ¢go and ¢12 denote the azimuthal angles of
the initial and the scattered photon, respectively, this then leads to the Lightman-approximation
for DC emission spectrum of cold electrons and soft, monochromatic initial photons

ongy ™ 4 2
2~ 2N Nyor D (4.24)
ot emL 3T vs

with the Thomson scattering cross section o = 8773 /3.

The expression (4.24) is the DC scattering equivalent of the Kramers-equation for thermal
Bremsstrahlung. The characteristics of equation (4.24) can be summarized as follows: the DC
emission spectrum increases x w? and, as mentioned earlier, exhibits a infrared divergence
typical for first order radiative corrections to quantumelectrodynamical processes. It is usually
assumed that under physical conditions emission and absorption balance each other below
some lower frequency, vo min, and that energy conservation in addition introduces some high
frequency cutoff, 15 yax. Therefore the photon production rate increases logarithmically,

ON, ™ 4o

o = g Ne NO oT w% X In <—V2,max> 5 (425)

em,L V2,min

with the ratio of the upper to the lower frequency cutoff of the DC emission spectrum.

As will be discussed below, the Lightman-approximation only describes the very low fre-
quency part of the DC emission spectrum (vo/vg < 107% — 1073) for cold electrons and soft
initial photons (v9/me < 1073). For initial photons with slightly higher energies relativistic
corrections lead to a significant suppression of the emission at low frequencies relative to the
non-relativistic case (see Fig. 4.5 and the discussion in Sect. 4.4.2).
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Gould-Formula
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Figure 4.5: Two-photon DC emission spectrum for cold electrons. Shown is the ratio H(w) as given
by (4.28) for different initial photon energies. The divergencies at w = 0 and w = 1 have been separated
out. All the spectra are given for a fixed lower energy cutoff wpy;, = 10~

Gould-formula

The result obtained by Gould [54] can be derived in a similar manner as the Lightman-
approximation (4.24), but without performing a series expansion of (4.8) in terms of vy, i.e.
making a priory no assumption about the energy of the emitted photon or equivalently going
beyond the soft photon approrimation. This increases the complexity of the expression for the
differential cross section significantly and the intermediate step is therefore omitted here. The
integrations then lead to the Gould-formula for DC emission spectrum of cold electrons and
low energy, monochromatic initial photons

On2l™ o Hg(w) x 22| (4.26)
ot em,G

with w = wy = v9 /1y and

1 =3w[l —w] + w1 —w? —wl —w?

w[l — w]

Hg(w) (4.27)

A interpretation of Hg(w) can be given as follows: multiplying d;na|l o by ¥4 and dividing by
Ny one obtains the relative change of the number of photons due to DC emission per dw and per
dt, i.e. Hg(w) is proportional to the relative photon production rate, AN™ /Ny o< Hg(w) dw.

In order to compare the numerical results for different initial conditions it is convenient to
define the ratio

1 8tn2|;nm
H(w) = — ——3"-, (4.28)
w 8tn2’em,L

where Oynaly, is given by the full Boltzmann emission integral (4.22) and dsnaly, 1, is the
Lightman-approximation (4.24). With this particular definition of H(w) one can rewrite the
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full Boltzmann emission integral, dny/dt|en and the associated total change of the photon
number density, N3 /0t|em, like

Ong |™ 4aNN wOXH( ) (429)
— = — o — w .zda
ot |, 3v < T2
8N m 4 Wmax
8—1‘/2 = 3_a Ne Ny o wi x / H(w)dw. (4.29b)
em n Wmin

The interpretation of H(w) is similar to the one of Hg(w). It can be regarded as the DC
scattering equivalent of the Gaunt-factor for thermal Bremsstrahlung.

In Figure 4.5 the dependence of H(w) on w for several frequencies, wq, of the initial photon
in a cold plasma is presented. Here we first focus the discussion on the thick solid line, which
corresponds to numerical result for the Gould-factor, Hg(w), and return to the other cases
in Sect. 4.4.2. As can be seen, the analytic prediction (4.27) only deviates at frequencies very
close to w = 1 from the full numerical result. This point will also be addressed in Sect. 4.4.2.

As was noted by Gould [54] the function Hg(w) is symmetric in w < 1 — w. This aspects
of DC emission in a cold plasma and for low energy initial photons deserves the following
comment: since the electrons are initially at rest each photon in the outgoing channel can only
have energies less than vy (namely 11 < 1y and v < 1g). As we have seen in Sect. 4.3.1 for
Vg <€ me the recoil is negligible and the DC kernel is very close to a d-function. Therefore
the number of DC photons at vo is approximately equal to the number of DC photons at
V1 = 1y — o, or equivalently Hg(w) = Hg(1 — w). Therefore in a cold plasma for very soft
initial photons one can expect a complete symmetry of the DC emission spectrum around
w = 1/2. Deviations from this symmetry arise due to both increasing importance of recoil and
Doppler broadening.

The total change of the number of emitted photons between wpyin and 1 — wyin can be
directly calculated analytically form (4.26). Assuming that wy,i, < 1 with equation (4.29b)
one obtains the approximation

ON. m 8a 1-— Wmin 167
8—t2 =~ g Ne NO arT W% X |:hl <K> — ﬁ + 3wmin:| . (430)

em,G

Here it is important to note that this results includes the total number of photons in the
outgoing channel, whereas the number of newly created photons is % (9tN2|‘r3nm7G.

Comparing (4.30) with the corresponding result in the Lightman-approximation, Eq. (4.25),
shows that the logarithmic term of (4.30) is a factor of 2 larger. This is because in the Lightman-
approach the divergence at w = 1 is not taken into account, implying that only the created
photons are counted. The other terms in equation (4.30) are a result of quantumelectrodynam-
ical corrections represented by the factor (4.27).

It should be mentioned that in both the Lightman and Gould approach no energy is trans-
fered to the electrons, since the recoil is neglected. Therefore all the energy of the initial photons
is transfered to the DC emission spectrum and no heating or cooling of the electrons can occur.
However, in general this will certainly not be true.

4.4.2 Cold electrons and arbitrary initial photons

Here we now want to discuss in detail the properties of the DC emission spectrum for photons
with arbitrary initial energies. As was mentioned in the previous Section, in a cold plasma and
for very soft initial photons the DC emission spectrum is symmetric around w = 1/2. Figure 4.5
shows, that this symmetry is broken once the recoil of the electron becomes important, i.e. for
increasing energy of the initial photon. Despite this asymmetry, a numerical calculation has
shown that the total number of photons below and above w = 1/2, namely N. and N,
respectively, is still approximately equal, even for high energy (wg ~ 0.1) initial photons. The
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difference in the number of photon AN = N. — N is mostly determined by photons in the
the range Aw ~ 2Ap around w = 1/2. On the other hand the largest contributions to the
total number of photons for a cold plasma come from w ~ 0 and w ~ 1. Therefore only when
the width of the DC kernel at w = 1/2 becomes of the order of Ap ~ 1/2 the asymmetry in
the number of photon can be significant.

Furthermore, for initial photons with energies larger than wy ~ 1073 relativistic correc-
tions lead to a notable suppression of the DC emission at low frequencies relative to the non-
relativistic case. Since in the soft photon limit the DC differential cross section factorizes into
the differential Compton scattering cross section and an angular dependent correction factor
[cf. 69, Eq. 11-41], this behavior should most likely reflects the decrease of the total Compton
scattering cross section for high energy photons [cf. 69, Eq. 11-24].

The high frequency part of the DC emission spectrum is rather complex. The cusp present
in all the spectra (even for soft initial photons) arises due to the low frequency cutoff, v2 min,
below which one assumes efficient absorption of the emitted photons. At high frequencies vo
the scattered photon is not allowed to have energies less than this cutoff (see comment in
the Appendix D.2). For increasing energy of the initial photon the position of the cusp moves
towards lower frequencies. This reflects the increase in the importance of the electron recoil.
All the spectra approach zero very fast for energies close to vg, since there the access able phase
space volume is very small.

Analytic estimation of the position of the cusp

If we consider the energy conservation equation of the scattered photon (4.6b) for initially
resting electrons and make use of the positivity of (P + K¢ — K3) - K7, one may find that the
condition 1 > 0 implies 1 — w(1 + wp ag2) > 0. Therefore the scattering angle of the photon
K5 has to obey pgo > 1 — 3};—1:). Since pg2 € [—1, 1] this condition results in the two cases

[—1,1] for w < #
€ o . 4.31
oz {[1—3;“’,1] for 32— <w<1 (4.31)
0w +2wo

Therefore, in the limit v ,in < me one may expect that the position of the cusp is close to

1

4.32
o (4.32)

Weusp ~
i.e. where the allowed phase space changes radically due to the restriction of the scattering
angles. Comparing with the numerical results presented in Fig. 4.5 shows the correctness of
this presumption (e.g. for wg = 1072, 107!, 1.5 x 107! and 5 x 10~ it follows that Weusp ~ 0.98,
0.83, 0.77 and 0.5, respectively). Note that for larger values of the low frequency cutoff, v2 min,
the estimate (4.32) will not be valid anymore.

Analytic approximations for the DC emission spectrum

Comparing the curves for different values of wg shows that at low frequencies all have a similar
shape and only the amplitude changes. Therefore it seems worth trying to find an analytic
approximation describing the DC emission for energetic initial photon in the soft photon limit
and then combining it with the Gould-factor, Hg(w). This Ansatz turns out to be very useful
also for the other cases addressed in this Chapter.

We start by expanding the DC differential cross section (4.8) in lowest order of wy = vo/me
and setting 8 = 0. Furthermore we expand the resulting expression up to 4. order in wq to take
into account higher order corrections in the energy of the initial photon. Carrying out all the
integrations of the Boltzmann emission integral (4.22) then lead to

8712 m

. GO (wo) x —= , (4.33)
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Figure 4.6: DC correction factor G for cold electrons and monochromatic initial photons as a func-
tion of wp. Also shown are the direct expansion (4.34), up to different orders in wg, and the inverse
approximation (4.35), as indicated respectively.

where the correction factor GO (wp) following from the direct series expansion is given by

21 357 7618 21498

In order to distinguish the DC correction factor in the soft photon limit from H (w), which
applies for the full spectral range, we here introduced the new letter G.

Figure 4.6 shows the numerical result for G¥ (wg) in comparison to the analytic approxima-
tion (4.34), taking into account the corrections up to different orders in wg. The approximation
converges only very slowly and in the highest order considered here breaks down close to
wp ~ 0.15. Due to this behavior of the asymptotic expansion there is no significant improve-
ment expected when going to higher orders in wq, but the monotonic decrease of the emission
coefficient suggest that a functional form GO = [1 + Zi:l arwg]~! could lead to a better
performance. Determining the coefficients a; by comparison with the direct expansion (4.34)
one may obtain an inwverse approximation for the DC correction factor

1

0,inv _
G (wo) = 1+ 2L 81 2 _ 2041 3, 9663 4° (4.35)
+ 5 wot 5wy — B Wo t 1375 Yo

As Fig. 4.6 clearly shows, G (wo) provides an excellent description of the numerical result
even up to relativistic energies of the initial photon.
Combining (4.35) with the Gould-formula (4.27) leads to the approximation

Hepy(wo, w2) = He (w) x Gy™ (wo) (4.36)

for the ratio H as defined by equation (4.28). In order to test the performance of this approxima-
tion, we have numerically determined the lowest frequency, ws crit, at which the approximation
for H deviates by € percent from the full numerical result. In Fig. 4.7 the results for ws ot are
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Figure 4.7: Critical frequency ws it above which the analytic approximation HY,, as given by equation
(4.36) deviates more than e percent from the full numerical result for H. Also shown are the results
for the Gould-formula (4.27). All the curves were calculated for cold electrons and a fixed lower energy
cutoff wyin = 1074,

presented for the Gould-formula Hg and HY, . Our calculation clearly shows that the approxi-
mation (4.36) has a significantly better performance than the Gould-formula for large values of
wp. Although for small wy the Gould-formula dominates slightly it breaks down very abruptly
at higher energies of the initial photon. We did not consider the Lightman-approximation, since
it breaks down at extremely low frequencies (wg < wo x 1073).

Change of the number density due to DC emission

In addition to the direct comparison with the DC emission spectrum one can consider the total
change of the photon number density due to DC scattering. Since the number of newly created
photons is mainly determined by the low frequency part of the DC emission spectrum, one can
expect to obtain a good description of the photon production rate using the analytic formulae
given above. Equation (4.29b) with the approximation (4.36) yields

aNQ m,O
ot

: ON5 |™
__ 0,inv 2
= Gm (wo) X —at s

em em,G

(4.37)

where we made use of the result obtained for the Gould-formula, i.e. Eq. (4.30). In Fig. 4.8 the
total photon production rate, %8]\/'2 /Ot|%  as given by equation (4.29b), for a cold plasma is
shown as a function of wy in comparison with the Lightman-approximation (4.25), the Gould-
formula (4.30) and the approximation (4.37). The formula (4.37) agrees extremely well with
the full numerical result even up to relativistic energies of the initial photon. The Lightman-
approximation overestimates the number of produced photons by > 15% even for low energy
initial photons. For wy < 1072 the Gould-formula is accurate within < 5% but at higher energies
the suppression of the DC emission becomes significant. Also the logarithmic dependence of
the total change in the number of photon for soft initial photons on the assumed lower energy
cutoff wyi, is evident.
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Figure 4.8: Total photon production rate, £ 9N2/0t|™,, for cold electrons as a function of wg in compari-
son with the Lightman-approximation (4.25), the Gould-formula (4.30) and the combined approximation
(4.37). All the curves are given in units of k Nowg, with k = é—i N or, and have been calculated for a
fixed lower energy cutoff, wpin, as labeled respectively.

4.4.3 Thermal electrons and low energy initial photons

In this Sect. we now discuss the results for the DC emission spectrum in the case of thermal
electrons and soft photons. The main differences in comparison to the previous discussion arise
because the electrons in the incoming channel can now also transfer energy to the photons in
the outgoing channel. Especially in the high frequency part of the spectrum this effect becomes
apparent (see Fig. 4.9).

As Fig. 4.9 shows at low frequencies the DC emission increases with temperature. A part of
this increase is connected with the Doppler booting of the initial photon by a factor of . Since
the DC emission rate is proportional to w3 this increases the DC emissivity by the thermally
averaged squared Lorentz-factor, <72>. As will be shown below the full increase of the DC
emissivity is given by 2 <72> —1.

At high frequencies the emission spectrum due to inverse DC scattering extends beyond vq.
For photons emitted at high frequencies the scattered photons are soft again implying that the
DC cross section factorizes into the Compton scattering cross section and some modification
factor. Therefore the high frequency part of the DC emission spectrum looks similar to a comp-
tonized line spectrum, where the average gain in the energy of the photon and the dispersion
of the spectrum increase with the electron temperature.

Analytic approximations for the DC emission spectrum

In order to improve the modeling of the DC emission spectrum we again return to the soft
photon limit. Expanding the DC differential cross section (4.8) in the lowest orders of vy < me
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Figure 4.9: Two-photon DC emission spectrum for soft initial photons (wo = 10~%) and electrons with

different temperatures. Note that here only the divergency at w = 0 has been separated out. All the
spectra are given for a fixed lower energy cutoff wp;, = 1074

and 9 < me one obtains
dopd™ ™ o 1§ wi 220M (YoM — a )+04_%1 Y2 Ao MA3aor — 5(A1an2 — Aoarn)?
dA . = on2 Y A0AL(Y Aol 01 9 710)\0)\?)\%

(4.38)
Now we perform all the angular integrations of the Boltzmann emission integral (4.22) but
assume monoenergetic electrons, with velocity Gg. This then leads to

m

Ony
ot

em,s 1- ﬁg ot

. (4.39)

em,L

From this the correction factor for thermal electrons with temperature 6, can be found by
averaging over the relativistic Maxwell-Boltzmann distribution (4.5):

e}

14 G2
Gm,nr(ae) = / 1— Bg (EO)p% de =2 <7§> -1
0
0

1 +2462) Ko(1/6.) 4+ 86, [1 4 662] K1(1/6.)
— 0 N ! , (4.40a)

with Ey = Yome, po = Yome B and 79 = 1/4/1 — 33. Here K;(1/6.) denotes a modified Bessel
function of kind 7. For small temperatures one can find the approximation

fek1

4 4
Gunr(fe) ~ 1+660,+ 15602 + Z5 0> — Z5 62 (4.40b)

Figure 4.10 shows the numerical result for Gy, ny in comparison with the analytic approxima-
tions (4.40). The low frequency DC emission strongly increases with temperature. One can
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Figure 4.10: DC correction factor Gy, n, for soft initial photons (wg = 10~%) as a function of the electron

temperature 6,. Also shown is the full integral approximation (4.40a) and the expansion (4.40b), taking
into account the corrections up to different orders in 6., as indicated respectively.
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Figure 4.11: Critical frequency ws cris above which the analytic approximation H2: as given by equation
(4.41) in combination with (4.40a) deviates more than e percent from the full numerical result for H.
Also shown are the results for the Gould-formula (4.27). All the curves were calculated for soft initial
photons (wp = 107%) and a fixed lower energy cutoff wy, = 1074
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gain a factor of a few for 6, < 0.5 and even a factor ~ 30 for 6, ~ 1. The expansion (4.40b) pro-
vides an excellent description of the numerical results up to very high temperatures (6, ~ 0.5),
but for higher temperatures the integral approximation (4.40a) should be used. Again one may
combine (4.40) with the Gould-factor to obtain the approximation

Herzlrllni(w(]a w2, 96) = H(}(U}) X Gm,nr(ae) (441)

for the function H as defined by equation (4.28). In Fig. 4.11 we presented the numerical results
for the critical frequency at which the approximation (4.41) breaks down. In the considered
limit the approximation (4.41) with (4.40a) always dominates over the Gould-formula. The
approximation (4.40b) is expected to have a similar performances as (4.40a) but with a sharp
drop in the temperature range 6, ~ 0.5 — 0.6.

Change of the number density due to DC emission

Fig. 4.12 shows the numerical results for the total photon production rate, %8N2/8t|§1m, in
the case of low energy initial photons (wg = 107%) as a function of . in comparison with
the Gould-formula (4.30) and the approximation following from equation (4.41). The Gould-
formula strongly underestimates the number of created photons for 6, > 0.01, whereas the
approximation following from equation (4.41) performs reasonably well (within a few percent)
up to high temperatures. Comparing with Fig. 4.8 shows that the photon production rate
depends more strongly on the temperature than on the energy of the initial photon.

The mismatch between the full numerical result and the analytic approximation is due to
the fact that the width of the DC kernel is increasing much faster with temperature than with
the energy of the initial photon. This implies that the asymmetry of the emission spectrum
becomes important much faster and therefore the photon production rate is not completely
controlled by the low frequency part. This also explains why the mismatch is larger for higher
values of the low frequency cutoff.

4.4.4 Thermal electrons and arbitrary initial photons

We now vary both the energy of the initial photon and the temperature. As we have seen in
Sect. 4.4.2 and 4.4.3 the DC emissivity decreases/increases with increasing energy of the initial
photon/electron. Now, in the general case these two effects compete with each other.

As an example, in Fig. 4.13 the numerical results for the DC emission spectrum of initial
photons with wg = 0.05 and electrons with different temperatures are presented. At low fre-
quencies the transition between suppression and enhancement can be clearly seen. For 8, = 0.05
the low frequency DC emission is already enhanced as compared with the Gould limit. This
shows that in the considered case the enhancement of emission for increasing temperature is
stronger than the suppression due to larger wy.

Moreover, at high frequencies the recoil and Doppler effect influence the shape of the spec-
trum. As we have seen above the transition from the recoil to Doppler dominated DC kernels
is very fast (Sect. 4.3.3). Therefore the full DC emission spectrum within as narrow range of
temperatures becomes Doppler dominated and very similar to the spectra presented in the
preceeding Section.

Analytic approximations for the DC emission spectrum

To improve the analytic description of the DC emission we again return to the soft photon
limit, expanding the DC differential cross section (4.8) in the lowest orders of vo < me. To
include higher order corrections we also expand this expression up to 4. order in wg. Then
we carry out all the angular integrations of the Boltzmann emission integral (4.22) again for
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Figure 4.12: Total photon production rate, 3+ ON,/0t|™,, for soft initial photons (wy = 107%) as a
function of 6, in comparison with the Gould-formula (4.30) and the approximation following from
equation (4.41). All the curves are given in units of kK Now?, with £ = g—:Ne or, and have been
calculated for a fixed lower energy cutoff, wyin, as labeled respectively.
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Figure 4.13: Two-photon DC emission spectrum for intermediate initial photons (wg = 5 x 1072) and
electrons with different temperatures. Note that here only the divergency at w = 0 has been separated
out. All the spectra are given for a fixed lower energy cutoff wpyi, = 1074
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numerical result
4. order correction

integral approximation

Figure 4.14: DC correction factor Gy, for different energy of the initial photons as a function of the
electron temperature .. Also shown is the full integral approximation (4.43) in combination with the
inverse factor (4.45a) and, for some cases, the expansion (4.44) taking into account correction terms up
to fourth order, as indicated respectively.

monoenergetic electrons, with velocity 3. This leads to

21 1 357
Gm(w07ﬁ0) = '7(% |:1 + /63 - g <1 + Qﬁg + 36{%) Yowo + ﬁ < + ﬁo + ﬁo) Ow(]
7618 21498
I <1 + 565 + 36; + ﬁo) Vows + 175 <1 + 785 + 765 + 58) 761‘”61] . (4.42)

Like in the previous case the correction factor for thermal electrons with temperature 8, can
be found by performing the 1 - dimensional integral

m(wo, 0 /Gm wo, Bo) f(Eo) pg dpo - (4.43)
0

Unfortunately here no full analytic solution can be given, but the integral can be easily evalu-
ated numerically. In the limit of low temperatures one can find the approximation

21 357 7618 21498 441 5712
Go(wo. 0) ~ 1 — = 220 2 = 3 4y g 22 2022 2
(wo, 0c) 50T o5 W0 T g Yot Ty W 10 Y0t 55 ¥
34281 8379 8568 45 3969 45
R wg} ’ [15_ L. wg] 2 [Z - Two] - (aa

for (4.43), which clearly shows the connection with the two limits, equations (4.34) and (4.40b),
discussed above.

As was shown in Sect. 4.4.2 an inverse Ansatz for GG, has lead to an excellent approximation
for the full numerical result in the cold plasma case. In order the improve the performance of
the obtained analytic approximation for Gy, (wo,By) again we tried many different functional
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forms, always comparing with the direct expansion (4.42). After many attempts we found that
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provided the best description of the full numerical results.

Figure 4.14 shows the numerical results for Gy, (wp,fe) in comparison with the integral
approximation (4.43) in combination with the inverse factor (4.45a) and the direct expansion
(4.44) taking into account correction terms up to fourth order. Clearly the performance of
the integral approximation is excellent in the full range of considered cases, but the direct
expansion breaks down at lower and lower temperatures once the initial photon frequency
increases. For wy < 0.1 the direct expansion should be applicable within a few percent accuracy
up to temperatures of 6, ~ 0.2.

Figure 4.14 shows the numerical results for Gy,(wp,fe) in comparison with the integral
approximation (4.43) in combination with the inverse factor (4.45a) and the direct expansion
(4.44) taking into account correction terms up to fourth order. Clearly the performance of
the integral approximation is excellent in the full range of considered cases, but the direct
expansion breaks down at lower and lower temperatures once the initial photon frequency
increases. For wy < 0.1 the direct expansion should be applicable within a few percent accuracy
up to temperatures of 6, ~ 0.2.

Aspects of the low frequency DC emission spectrum

At low frequencies the DC emission on one hand is suppressed for increasing initial photon
energy and on the other is enhanced for larger electron temperature. This may lead to the
question, when the emission coefficient, w H, at some low frequency wpin = we/wy < 1 is
equal to unity, such that the Lightman-approximation in principle is applicable. Combining
the Gould-factor (4.27) with the expansion (4.44) and keeping terms up to second order in e,
one may obtain the simple approximation

01 =Va?+bwy—a, (4.46a)

with
_ 147 952 2 _ 11427 3
o= 20 Wo T 55 Wo — 50 Yo (4.46b)
= 2193 , | 2856 2 '
40 “0 5 *0
7119 7618 2 _ 7166 3 | 2 wpip
p_5_ % Wo+ 25 W0~ T Wo T3 Tl (4.46¢)
= 2793 2856 2 ’ '

— T wot S5 W

for the temperature at which the emission coefficient fulfills the condition wpin H (Wmin) = 1.
In this definition of b the term o< wmyin arises due to the small deviation of the Gould-factor,
Wmin Hg & 1 — 2 Wyin, from unity. In the limit of low energy initial photons (4.46a) simplifies to
Oc1 ~ % wo + % Wmin. Therefore this deviation becomes important especially when wg < 5 wmin -
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Figure 4.15: The numerical results for the temperature, 6.1, at which the low frequency emission
coefficient fulfills the condition wmin H (Wmin) = 1. In comparison also the approximation (4.46a) and the
numerical results obtained using the Gould-factor (4.27) in combination with the integral approximation
(4.43) and (4.45a) are presented. All the curves have been calculated for wy,;, = 1074

In Figure 4.15 we show the numerical results for the temperature, 61 as a function of the
initial photon energy in comparison with the approximation (4.46a). It agrees very well with the
full numerical result for wy < 0.1. In the shown case this temperature is directly proportional
to the initial photon energy, 0.1 = % wp, around wg ~ 5 x 1073, but at lower frequencies the
term connected with wpi, becomes significant. One may also conclude that for monochromatic
initial photons below wg ~ 0.15 the electrons can easily compensate the suppression of the DC
emission due to the increasing initial photon energy, but for wp > 0.15 they have to be several
times hotter. We also presented the numerical results obtained using the Gould-factor (4.27)
in combination with the integral-approximation (4.43) and (4.45a). Here again the excellent
performance of this combined approximation at low frequencies is evident.

Change of the number density due to DC emission

Even though the integral approximation (4.43) for the low frequency emission performs very
well in a broad range of temperatures and initial photon frequencies, it is expected that the
number of produced photons is less accurately described. This is mainly due to the fact that
the importance of the high frequency part of the DC emission spectrum is not modeled appro-
priately.

In Fig. 4.16 as an example we present some numerical results for the number of produced
photons in comparison with the analytic approximations. The Gould approximation over esti-
mated the number of created photon significantly. For very small values of wp, the integral
approximation works fine but for wyi, = 1072 deviations start to arise already for 6, > 5X 1072.

4.4.5 The DC infrared divergence and the role of the low frequency cutoff

As mentioned above, like in the case of Bremsstrahlung DC scattering exhibits a infrared
divergence at low frequencies. This behavior is typical for first order radiative corrections to
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Figure 4.16: Total photon production rate, 3 N2/t , for intermediate initial photons (wg = 5 x
1072) as a function of , in comparison with the Gould-formula (4.30) and the approximation following
from equation (4.41) and (4.45). All the curves are given in units of K Now3, with & = 3% Neor, and
have been calculated for a fixed lower energy cutoff, wmin, as labeled respectively.
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Figure 4.17: Role of the low frequency cutoff wyi, on the shape of the two-photon DC emission
spectrum for cold electrons. Shown is the ratio H(w) as given by (4.28) for fixed initial photon energy
(wo = 10_1) and different values of wpin, as indicated respectively. The divergencies at w =0 and w = 1
have been separated out.
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quantumelectrodynamical processes. Mathematically this divergence can be obtained by series
expansion of the invariant matrix element X for DC scattering into lowest order of vo < me,
showing that X o 1/v2 and therefore the corresponding cross sections diverge like do o< 1/vs.

Albeit this similarity to Bremsstrahlung DC scattering in addition exhibits a divergence at
high frequencies. If one considers the case of cold electrons and low energy initial photons the
conditional DC kernel is very close to a d-function (cf. Sect. 4.3.1). Therefore a photon emitted
at a very low frequency directly implies a scattered photon at frequencies very close to vy and
hence the divergence at w = 1 simply is a consequence of the infrared divergence at w = 0.

It is worth mentioning that in the Gould-approximation a lower energy cutoff, vo min =
1) Wmin, directly implies a high frequency cutoff at v9 max = 19 (1 — Wmin). This is due to the
fact that a DC scattered photon with energy vy > 15 max corresponds to an emitted photon
with energy vo < Vg min. Since photons emitted below v min are assumed to be efficiently
absorbed, the inverse process at high frequencies will also immediately absorb any photons
above 1o max. Note that energetically DC scattered photons with vg > 11 > v max are not
principally forbidden.

In order to illustrate the effects of the low energy cutoff, wyin, on the DC emission spectrum
in Fig. 4.17 we present some numerical results for cold electrons and initial photons with
energy wg = 107!, The shape of the low frequency DC emission spectrum does not depend
on the lower energy cutoff (of course except for the position of the abrupt drop to zero at
Vo min itself). Increasing wmin shifts the position of the cusp, which for wmin < 1 is close to
vg ~ 1y /(142 wy), towards lower frequencies. At frequencies higher than v 1.y the DC emission
vanishes, with a gradual transition between vgusp and vo max.

One can understand that the number of photons at the highest frequencies is determined
by the superposition of the conditional DC kernels for scattered photons with energies very
close to v1 > vowmin (see Fig. 4.1). For non-zero electron temperature the shape of the DC
emission spectrum at high frequencies depends in a very similar manner on the low frequency
cutoff. But in this case due to inverse DC scattering the high frequency cutoff is no more given
by 12 max as in the case of cold electrons.

4.4.6 Electron heating and cooling due to DC emission

As mentioned above in the Lightman and Gould approach due to the neglect of recoil no heating
or cooling of the electrons or photons due to DC scattering occurs. We have seen in Sect. 4.2.3
that the increase and decrease of the mean photon energy and dispersion in the high frequency
part of the emission spectrum scales similar to the case of Compton scattering. Therefore one
can expect that the additional energy exchange due to the redistribution of high frequency
photons via DC scattering may lead to a small correction of the Compton energy exchange.
This correction will depend on the shape of the low energy spectrum, e.g. the low energy cutoff
and the ’sea’ of soft photons, especially when induced effects are important. However, since the
calculation of the energy exchange due to DC scattering is rather demanding and the effects in
comparison to Compton cooling and heating are expected to be small, we did not present any
numerical results here.

4.5 Analytical treatment of the full kinetic equation for DC
scattering

In this Section we now discuss the full kinetic equation for the time evolution of the photon
phase space distribution under DC scattering. We will first use the analytic results obtained
in the preceeding Sections to derive an approximation of the effective DC' Gaunt factor ana-
lytically and then compare it with some full numerical calculations. This shall show that in
situations close to full thermodynamic equilibrium the redistribution of high frequency photons
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by DC scattering is much less important than the production of new photons a low frequen-
cies. Therefore we then focus on the discussion of the DC kinetic equation at low frequencies,
where only the processes (4.1a) and (4.1b) are important. For this we first rewrite the collision
integral analytically and then present results for the limit of low electron temperatures and
photon energies using the soft photon approximation.

4.5.1 Analytic approximation for the effective DC Gaunt factor

We have seen in Section 4.3 that in general the DC emission term for monochromatic initial
photons and thermal electrons can be given in the form (4.29a), where an excellent approx-
imation to the function H can be obtained combining the Gould-factor (Eq. (4.27)) and the
analytic approximations derived for the low frequency part of the DC emission spectrum (in
the most general situation by thermally averaging Eq. (4.45a)):

Happ(wo,wg, He) = HG((U2/(UO) X G(wo, He) . (447)

It was shown that the total number of produced photons is represented very well in a wide
range of temperatures and initial photon frequencies.

In the Gould approximation it is assumed that neither recoil nor Doppler boosting are
important, implying that wg = w1 + ws. We have seen that the conditional DC emission kernel
in this limit is very close to a d-function (see Sect. 4.4.1). Therefore one may try to approximate
the conditional DC emission kernel by the simple expression

w? [w;
Papp (Vi = vj | V1) = Kac V—Z [w_] Hopp (wi, wj, He)] X 6(v; — 1 —vj), (4.48)
J 1
where kg, = é—;‘r‘ Ne or. In full thermodynamic equilibrium DC emission is completely balanced
by DC absorption. Therefore, at least close to equilibrium, the full collision integral for DC
scattering should have the form

ong 93
= c g 1-— Te2 — 1) - c 70 766 ) 4.49
P | Kd . [ na(e )] gde(x2, 0, 0c) (4.49)

where here we introduced the effective double Compton Gaunt factor, g4c, and defined the
dimensionless frequencies z; = w;/0, and z.; = w;/f., where the photon temperature 6,
should be regarded as a parameter describing the energy density of the photon field. In the
case of Planckian photons it is identical to the thermodynamic temperature (see Appendix B).
In the form (4.49) one can directly see that the DC collision integral vanishes when the photons
are Planckian with the thermodynamic temperature ¢, = 6,.. In order to derive the effective
Gaunt factor, we now consider the reactions (4.1a) and (4.1c¢) and their contributions to (4.49)
separately.

Reactions 79 +e — 7y + 7 + €

Inserting the approximation (4.48) for the DC kernel into the Boltzmann equation (4.9) and
only considering the first integral one may find

(e 9]

on 62 x
=2 = Kge —5 [1 + n2)] / zgn(zo) [1+ n(zo — 29)] =2 Hopp(wo, w2, 6c)| dzo (4.50a)
Ot |pca Ty K xo
L2 TTmin
92
= Rdc x_g [1 + n2] X gdc,a($2a 97, Ge) . (4.50b)
2

Here we introduced the lower energy cutoff x.;, making the assumption that for x < =y
the photon distribution is Planckian with temperature 6, = 0., such that the emission is
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Figure 4.18: Numerical results for the effective Gaunt factor as defined by equation (4.49) with different
values of the chemical potential ;1 and temperatures, as indicated respectively. In all the calculations we
assumed a lower frequency cutoff zpmin = 1073,

completely balanced by absorption. In the case of cold electrons only photons with xo + Zpin <
xo contribute to the emission at xa (see the range of integration in (4.50)). At low frequencies
1+n(xg—x2) = 1+ n(xg) and wHg(w) = 1. Since for situations close to equilibrium the main
contributions to the integral come from x¢ ~ 4 — 5 induced effects at xo < 1 are of the order
of a few percent. However at high frequencies 9 > 1 induced effects are significant and gg4c.a
becomes very sensitive to the lower frequency cutoff.

Reactions v5 +e — vy +vy + ¢

For this channel we proceed in the same way as in the previous paragraph now considering the
third integral in equation (4.9). This then leads to

T2—Tmin
ong Kde 2 p2 14+ n(zo) 1+ n(z2 — z0) [0
Ot pe. Bymz 1 g o) d
ot DC.c 9 Lo Uy M2 1+ no o 1+, o app (w2, wo, 0c) | dzg
LTmin
(4.51a)
Rd
- _ 20 x% G,QY na [1 4+ na] X gde.c(z2,6~,6e) (4.51b)

This reactions can be considered as scattering of photons out of the phase space volume at
x = x9. For cold electrons only photon with zyi, < g < 29 — Zyin can be produced (see the
range of integrations). When induced terms are not important gqc (2,6, 0) is proportional
to the total number of photons emitted into the range i < xg < T9 — Tmiy for an initial
photon energy z2. At low frequencies gqc . ~ 0 since the allowed range of integration becomes
small. In any case 0ina|pc,c <K Oinz|pc,a for o < 1 (relative factor of ~ x5 ng and ng ~ 1/2).
At high frequencies again induced terms become very important.

Final result for g4.(z2,6,,0.)

The effective Gaunt factor as defined by equation (4.49) is now given as the sum of gq4c, and
Gde,a With appropriate scalings determined by (4.50) and (4.51). One can easily find

1
gdc($2a 97, Ge) = gdc,a($2a 9’)/5 He) - 5 l“g n2 gdc,c(x% 0% He) . (4'52)

The basic properties of this result for the DC Gaunt factor can be summarized as follows:
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(i) At low frequencies the contribution arising due to the reaction (4.1c) is negligible. Here
mainly DC emission and absorption are occurring and the redistribution of photons is
tiny. Induced effects are not very important for the effective Gaunt factor.

(ii) At high frequencies the term proportional to g4c. becomes very important. In fact it
partially cancels the large positive contribution arising from gg4c, resulting in a much
smaller effective Gaunt factor. Here the redistribution of photons is much more important
than emission and induced effects are strong.

We shall now present some full numerical results for the effective Gaunt. In some cases we have
compared the numerical results with those obtained by equation (4.52) and found very good
agreement. A detailed discussion will be presented in some future work.

Comparing with full numerical results

In this paragraph we will present some numerical results for the effective DC Gaunt factor.
We will restrict ourselves to situations close to full thermodynamic equilibrium, which are the
most relevant in the context of the thermalization of CMB spectral distortions. Therefore we
shall consider photons, which follow a Bose-Einstein distribution, ngg(z) = 1/(e**# — 1), with
dimensionless chemical potential p = const and temperature 6., = 0.

In Fig. 4.18 we show the effective Gaunt factor for some combinations of the chemical
potential and different temperatures of the electrons, as indicated respectively. In the left
panel one can see the decrease of the importance of induced scattering at high frequencies with
larger p. The right panel illustrates the decrease of the DC emissivity at low frequencies with
increasing temperature. It can be seen that photons at high frequencies due to DC scattering
cool. As mentioned above in cases 6, > 6, one would expect that also heating can occur, but
a more detailed discussion shall be presented elsewhere.

Comparing with Compton scattering

In the particular cases discussed above no redistribution of photons by Compton scattering
is occurring and principally DC emission and redistribution dominate in the full range of fre-
quencies. Of course in the more general situation Compton scattering will redistribute photons
much faster than DC scattering. Although competing with the lowest order Compton effect (as
described by the Kompaneets equation [75]) in most cases is impossible, it is still fair to ask,
when the redistribution of high energy photons due to DC scattering will become comparable
with the contribution due to the first order temperature correction to the kinetic equation of
Compton scattering.

Even though the effective DC Gaunt factor at high frequencies is of the order of a few x 10,
using the generalized Kompaneets equation [67] we have estimated that for situations close to
equilibrium effective Gaunt factors of the order of few x 10® would be necessary to make DC
scattering comparable with the first order temperature correction to the Kompaneets equation.
Therefore we conclude that at least in situations close to thermodynamic equilibrium the
redistribution of photons by DC scattering is negligible. However, it may be still possible that
the redistribution of photons by DC scattering can become important for cases far away from
equilibrium, e.g. when the temperatures differ strongly, but this is beyond the scope of this
work and shall not be discussed here.

4.5.2 Derivation of the effective DC Gaunt factor in the soft photon limit

In Section 4.5.1 we have obtained an analytical approximation for the effective Gaunt factor
using the results derived for the DC emission by monochromatic initial photons and convolving
these with more general distributions of photons. The inclusion of induced effects was only pos-
sible under the assumption that vy = v1 + 5. Furthermore we have seen that the contributions
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of DC scattering to the evolution of high frequency photons (at least for cases we are interested
in here) is not very important, since Compton scattering is orders of magnitudes faster and
will wipe out any disturbance of the spectrum at high frequencies within a very short time.

We shall now derive similar expression, as presented above, for the effective Gaunt factor at
low frequencies, where only the reactions (4.1a) and (4.1b) contribute to the collision integral,
including all induced effects self-consistently. For this we start from the Boltzmann equation
(4.7) and consider only the first term in the integrand. We then go to the soft photon limit
and perform Taylor series expansions in the photon frequency rg and the energy of the initial
electron. In this Section we shall present some details of this derivation.

Rewriting the collision integral for DC scattering

Starting from the Boltzmann equation in the form (4.7) and considering only the first term in
the integrand, by Taylor expansion the statistical factor F., ., may be cast into the form

Frorine = fnn+1)- {1 — na(e’? — 1)}
[oe)
Axk
+f)
k=1
where the definitions of Sect. 4.2 were used and we introduced the dimensionless variables
ze = v/T, and Azxe = (11 — v)/T.. Note that here and below we omit the index ’0’ for the

initial photon. Now, with (4.53) the Boltzmann equation for DC scattering at low frequencies
can be rewritten as

o*n g 1"
{(1+n2)-nw—ngexe’2-(1+n) [1+3m ] n}, (4.53)

e

soft 2 2

8’)7,2 0
E = Rdc xTe [1 — ng(exeﬂ — 1)} - Jo + Kqe xTe |: (1 + TLQ) - Jp —nge®? - Jol, (4.54)
DC e,2 e,2

where we introduced the integrals

Jo = /acg dze [n(n + 1)] Iy (4.55a)

> oFn
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EDD / 22 da, [n 8—33,@] I, (4.55D)
k=1

Jy = Z/xg dze | (1 +n) [1 + E ] n| - I (4.55¢)
k=1 ¢
1 1 24

= — 2 /dQ/p P 40. A0y f Azt X (Ko, K1, Ko) . (4.55d)
k! Kde 9% Te Y

Note that the differential operator d,, only affects the photon distribution n = n(v).

Calculation of the I.’s

All the further calculations are very lengthy and where performed with the computer algebra
program MATHEMATICA. We assumed that the secondary photon Ky is soft (vo < vy, vo <K me
and also that equivalent relations in the rest frame of the scattering electron hold). Therefore
we took only contributions to the integrals Ij’s in lowest order of v into account, i.e. o< v, 2,
Furthermore, we expanded the integrand of I, assuming soft initial photons and low electron
temperature, in orders of w/me and n = p/me. Afterwards all the integrals I} could be solved
analytically and their results are given in the Appendix D.3. As one can see I is equivalent to
the result (4.44), which was obtained for monochromatic initial photons. All the integrals I

for k > 0 arise due to induced effects.
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Inserting the results (D.13) for the lowest order in z. 2 into equations (4.55b) and (4.55¢),
up to the forth order corrections in the electron temperature one can show that J; = Jy for
all photon distributions which vanish sufficiently fast in the limit x, — oo. This is a rather
tedious calculation and will not be presented here. With J; = Jy the Boltzmann-equation for
the phase space evolution of the photons under DC scattering in lowest order of x¢2 can be
expressed as

8’02 soft 93 e
B oo~ e, (1 -] 6. (136)

Here the DC emission coefficient G(6,) is given by the direct expansion

4
G(6e) =) Gy -0F (4.57)
k=0

where the definitions of the integrals G; may be found in the Appendix (D.15). The first integral
Gy corresponds to the non-relativistic result obtained earlier by Lightman [80].

4.5.3 Beyond the limit 0, < 1

The procedure described above results in an asymptotic expansion of the effective DC Gaunt
factor in the soft photon limit. This expansion in most of the cases is expected to converge
very slowly. Therefore, using the direct expansion (4.57) we again tried to ‘guess’ the correct
functional form of the DC emission coefficient G(6,) and thereby to extend the applicability
of our analytic expressions. Examining the general behavior of the results obtained in our
numerical integrations (Sect. 4.5.6) for Planckian initial spectra showed that for 6, < 6. in
general the ratio between the relativistic and non-relativistic DC emission coefficient, G/Gy,
is dropping towards higher electron temperatures. After several attempts we found that this
behavior is best represented by the functional form

inv GO
G (0) = 1+ab.’

(4.58a)

Now, comparing the Taylor expansion of (4.58a) for small temperature with equation (4.57)
one can immediately deduce

a=-G. (4.58b)

Here G; = G;/Gy was defined. As will be shown below, equation (4.58a) together with (4.58b)
and (D.15) provides a description of the low frequency DC emission coefficient, which for
photon distributions close to equilibrium is better than 5% for temperatures up to ~ 25 keV
in the range 0.2 < p < 50. Here we defined the ratio of the electron to photon temperature as
p = 0./0,. For a detailed discussion we refer the reader to Sect. 4.5.6.

4.5.4 Results for different incoming photon spectra

In this Section, we give the analytic results for the integrals G; in the definition of the DC emis-
sion coefficient (4.57) for different incoming photon spectra, which in astrophysical situations
may represent the most interesting cases. Utilizing equation (4.58a) some useful approximations
are derived, which, as will be shown below, are valid in a very broad range of temperatures. In
Sect. 4.5.6 we give a detailed discussion of the results summarized here.

Planck spectrum

The kinetic equation for DC scattering in the form (4.56) shows that for Planckian photons of
temperature 6, = ¢, DC emission is completely balanced by DC absorption. However, in more
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general situations, i.e. 6, # 0e, also for Planckian initial photons DC emission arises. With a
Planck spectrum npi(z.) = 1/ (e?** — 1) of temperature 6, the integrals G; can be evaluated
analytically. Since the analytic expressions are rather lengthy and not very illuminating, in the
results given below the numerical coefficients were evaluated.

Gori = ™ 95,976 (4.59a)

0Pl = 155 P 998

Gi,p1 = —Go,p1[19.739 — 5.5797 p] /p (4.59Db)

Gopl = Gopi1[398.91 —207.26 p + 15.041 p°] /p? (4.59¢)

Gsp1 = —Go,p1[8480.7 — 6390.2 p 4 984.49 p* — 7.7023 p*| / p? (4.594)

Gapi = Gop1[191071 — 190816 p + 47842 p* — 2331.7 p* + 6.0652 p*] /p* . (4.59%)

Making use of (4.58a) and (4.58b) one obtains:
, 25.976/ p°
Gy = /o (4.60)

1+ [19.739 — 5.5797 p] - 0,

To estimate the effects of induced scattering, which are important for the formation of a
Planckian photon distribution, we neglect the corresponding terms in the integrals (D.15a)
and (D.15b), i.e. drop He 1 and replace Z; — G; 1. We then find:

inv = 24886/p5
Plaoind = 777190603 — 6] - 0,

(4.61)

This result shows that the differences connected with induced emission are of the order of a few
percent. Note that in the above equation we replaced the electron temperature by 6, — p0..

Bose-Einstein spectra

In contrast to Compton scattering DC scattering still affects the photon field in the case of Bose-
Einstein equilibrium, producing photons at low frequencies and redistributing the photons at
high frequencies. For Bose-Einstein spectra npg(xe) = 1/(e?*T# — 1) with the dimensionless
chemical potential pu, it is possible to obtain analytic expressions in the limits |u| < 1 and
> 1. In the case > 1 one may write npg(ze) ~ e # - e P%. Therefore this case is described
by a Wien spectrum with Ng = e™#, for which the results will be given in the next paragraph.
In the limit |u| < 1 it is possible to use the first order expansion of the photon occupation
number in the chemical potential, ngg & npi(ze)+ - xnp). Here we only give the approximate
expressions up to the first order temperature correction.

Go,Be ~ Gop1 [1 —1.1106 - ] (4.62a)
20.119 — 5.5958 p
19.739 — 5.5797 p

GiBe ~ G1p |1 (4.62Db)

Equation (4.62a) suggests that G pg may have the functional form o e=##. We found that
Gope ~ Gopr-e 0 (4.63)

provides a fit to Go g, which is better than 1% for 0 < p < 1.

A numerical calculation of the coefficient a as given by equation (4.58b) has shown that
for 0 < p <1 the relativistic corrections are roughly independent of the value of the chemical
potential. We found that

19.739 — 5.5797 p
p

reproduces the coefficient a to better than 0.5% for 0 < <1 and 0.2 < p < 1.5 and that for
> 1 one may use the formulae obtained for Wien spectra.

apE & [1+0.02931n(1 + 3.06 - )] (4.64)
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Wien spectrum

For a Wien spectrum nw(x.) = Nog e ”%° of temperature 6., making the assumption Ny < 1,
which implies that induced terms may be neglected, the functions G; are given as

Gow = 24Nyp~® (4.65a)
Giw = —Gowl[21 —6p]/p (4.65b)
Gow = Gow[428.4 —220.5p + 15 p?]/ p* (4.65¢)
Gaw = —Gowl[9141.6 — 6854.4 p + 1047.375 p* — 11.25 p*] /p® (4.65d)
Giw = Gow[206380.8 — 205686 p + 51408 p* — 2480.625 p> — 11.25 p*]/p? . (4.65¢)
Making use of (4.58a) and (4.58b) one finds:
: 24 Ny /p°
G = /P (4.66)

1+21—6p] -0,

Note that here we again replaced the electron temperature by 0. — p0.,.

4.5.5 Beyond the soft photon limit

Strictly speaking equation (4.56) is only valid for the very low frequency part of the DC emission
spectrum. We have already seen that in general the effective DC Gaunt factor is a function
of the electron temperature, 6., the exact shape of the spectrum of the initial photons, n(v),
and the frequency of the emitted photon, vo. If we are not interested in the redistribution of
photons at high frequencies it is possible to neglect g4c. in the definition of gq. as given by
equation (4.52) and replace g4ca by

00
x

Gde,a(x2) = / xé n(xo) [1 + n(xg — x2)] [x_Z H(xg/mo)} dzg, (4.67)
2xo 0

Here it was assumed that all the photon above vs/1y = 1/2 can be considered as scattered
photons and therefore are not taken into account in the integral over the emission spectrum
(see lower boundary). The effective Gaunt factor in a similar form (with H = Hg, where Hg
is the Gould factor (4.27)) was also used by Bond [20] and Burigana, Danese & de Zotti [25].
As Burigana, Danese & de Zotti [25] claim, for Bose-Einstein spectra a good approximation
of Jdc,a can be given as Jqc.a(x2,6,) ~ en e~*2/2_ Therefore one simple way to extend the
applicability of the results given here in the soft photon limit is to use

gdc,a(l?a 677 He) ~ p5Ginv (0% He) X 6712/2 s (4'68)

where G™ is defined by (4.58a). Note that the factor of p° arises due to the different definitions
of integration variables z < x,. Comparison with full numerical results has shown that the
approximation (4.68) works very well for photon distributions close to equilibrium. We now
concentrate on the discussion of the low frequency part of the DC emission, where most of the
photons are produced.

4.5.6 Discussion of the results for Planck, Bose-Einstein and Wien spectra

For Planckian photons DC scattering only changes the number of photons if 6., # 0.. Despite
this fact, for order of magnitude estimates even the case p = 1 is still quite useful, since
in situations close to full thermodynamic equilibrium, i.e. for |u| < 1, deviations of the DC
emissivity from the case of Planckian photons are in second order of u.

Fixing the temperature of the electrons one can see from equation (4.59a) that the non-
relativistic DC emission coefficient GGy increases for p < 1 and decreases for p > 1 with the fifth
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Figure 4.19: Production rate of soft photons by double Compton scattering relative to the non-
relativistic result Gg as a function of 6,: Top: Full numerical results for Planckian photons, with al-
lowance made for induced scattering, in comparison with the direct expansion as given by equations
(4.59) including temperature corrections up to different orders, as indicated respectively. Also the nu-
merical result neglecting induced effects is shown (red/long-dashed). — Bottom: Same as a) but for a
Wien spectrum. Only spontaneous scattering is taken into account (Ng < 1). The analytic approxima-
tion is given by equations (4.65). In addition, the approximation formula (4.69) as given by Svensson
[132] is shown (blue/long-dashed). The inverse formula (4.66) shows a similarly good performance but
for the sake of clarity is not presented here. For further discussion about the performance of the inverse
formula for Planckian photons see Fig. 4.20 and Sect. 4.5.6.
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power of p. Therefore even a 10% difference in the electron and photon temperature results in
a factor of ~ 1.6 increase or decrease of the DC photon production rate. Below we now first
discuss the case p = 1 and then the more general case p # 1 in detail. For this we compare the
ratio, G/Gy, of the DC emission coefficient G in the soft photon limit including all temperature
corrections and the non-relativistic coefficient Gy with the full numerical results. Since Bose-
Einstein spectra lie between a Planck spectrum (@ = 0) and Wien spectra, with small number
density Ny < 1, and the differences between the results for Planck and Wien spectra are of the
order of a few percent (of course after rescaling G by Gy, see below), here we do not discuss
Bose-Einstein spectra in more detail.

Case p=1

In Fig. 4.19 the results for incoming Planck and Wien spectra with temperature 6, = 6, are
shown. With increasing temperature the ratio, G/Gy, of the relativistic and non-relativistic
DC photon production rate decreases strongly, implying that the main contribution to Gy
comes from photons with energies wg > 1—70 e (see equation (4.46a)). This suggests that for
higher temperatures the efficiency of DC emission is significantly overestimated by the non-
relativistic result as obtained by Lightman [80]. For example, even for rather low temperatures
T, ~ 4keV there is a 10% negative correction due to relativistic effects.

In the considered case the direct formulae (4.57) with (4.59) for a Planckian and (4.65) for
a Wien spectrum are valid up to 6. ~ 0.05, within reasonable accuracy. As will be discussed
below, the inverse formula (4.58a) and the corresponding coefficients a for p ~ 1 provides an
approximation which is better than 5% up to 6, ~ 0.2. This case is most interesting for the
thermalization of spectral distortions in the early universe.

In general our numerical results have shown, that for an incoming Planck spectrum the
contributions due to induced scattering are of the order of a few percent. Only in extreme cases
(p < 1) the contribution of induced terms was significant. In comparison to a Wien spectrum
the difference in general was also of the order of a few percent. Therefore we will not discuss
induced effects in more detail below. Comparing the result for an incoming Wien spectrum
with the approximation given by Svensson [132],

Gow
Gs(6e) ~ ’ 4.69
50~ 193010, 11.05 02 +19.92 63 (4.69)

shows that in the considered case, i.e. p = 1, it provides a very good fit to the numerical result.
The inverse formula (4.66) shows a similarly good performance. In the more general case, i.e.
p # 1, the approximation given by Svensson [132] can not reproduce the numerical results,
since the strong dependence of the relativistic corrections on the ratio of the electron to the
photon temperature was not taken into account.

Case p # 1

Figure 4.20 illustrates the dependence of the DC emission on the ratio of the electron to the
photon temperature p = 6./6, for a incoming Planck spectrum. Since the general behavior
of the numerical results for Bose-Einstein and Wien spectra are the same as for a Planck
spectrum, it is sufficient to consider this case only. We expect the main conclusions to hold also
for Bose-Einstein and Wien spectra.

In general the characteristics of the ratio G/Go can be summarized as follows: If we define
the critical ratio p. = 3/(1 — %) ~ 3.538 of electron to photon temperatures, for which the
first order correction to G vanishes (cf. Eq. (4.59b)), then two regimes can be distinguished:
(i) for p < pc the ratio G/Gy is monotonically dropping with increasing electron temperature,
whereas (ii) for p > p. it is first increasing and then turning into a decrease at some high tem-
perature. This suggests that p. separates the regions where Doppler boosting is compensating

the suppression of DC emission due to higher photon energy. Estimating the mean photon
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Figure 4.20: Production rate of soft photons by double Compton scattering relative to the non-
relativistic result G for Planckian photons as function of the electron temperature and different values
of p = 6./0.. Presented are the full numerical result, the 4. order direct formula as given by equation

(4.59) and the inverse formula (Eq. (4.60)).
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energy weighted by Gy, i.e. (wo) = [2°n[l + n]dz/ [2'n[l + n]dx ~ 4.86,, and using the
approximation wo = & §, for the condition Gy, (wp,0) = 1 (see Eq. (4.46a)) yields p, ~ 3.35,
which further supports this conclusion.

In general one finds (see Figs. 4.20 and 4.21) that for p < p. the inverse approximation
(4.58a) has a better performance than the direct expansion formula (4.57) and vice versa for
the case p > pc. It is worth mentioning that the direct formula performs very well for p > p.
even in lower orders of the temperature corrections. Combining these two approximations an
accuracy of better than ~ 5% can be achieved in a very broad range of temperatures. If the
photons and electrons have similar temperatures then the inverse formula (4.58a) is valid even
up to kT ~ 100 keV.

One obvious advantage of the inverse formula (4.58a) over the direct expansion (4.57), is
that only the first order corrections are needed to obtain an excellent approximation up to
high temperatures. Especially for numerical applications this is important, since higher order
derivatives of the spectrum may introduce significant difficulties. We have also compared the
full numerical results with the approximation as given by (4.52), which involves a 2-dimensional
integral over the spectrum and the electron distribution. It turned out that this approximation
performed similarly well as the inverse formula, but without any improvements. This is mainly
due to the fact, that the main contributions to the DC emissivity arise from photons of energy
(wo) ~ 4—"5x0,,. Therefore in the case p = 1 at temperatures 0, ~ 0.2 it follows that (wo) ~ 1,
such that the approximations given for monochromatic photon start to break down.

4.6 Summary and outlook

In this Chapter we have studied the full kinetic equation for the time evolution of the photon
phase space density under DC scattering. We included both the creation of new photons at
low frequencies and the redistribution of photons at high frequencies. We have shown that the
DC emissivity strongly decreases with higher mean energy of the initial photons leading to a
suppression of the total number of newly created photons as compared to the non-relativistic
limit. On the other hand boosting leads to an enhancement of the DC emissivity the higher
the electron temperature becomes.

Furthermore, an expression for the effective DC Gaunt factor has been derived and shortly
discussed in comparison with the full numerical results (Sect. 4.5.1). We have argued that at
least in situations close to thermodynamic equilibrium the evolution of the high frequency
photons is not significantly affected by DC scattering, but a more detailed study should be
undertaken to include cases far from equilibrium.

Simple and accurate analytic expressions for the low frequency DC scattering emission coef-
ficient of monochromatic initial photons (Sect. 4.4; in the most general situation see Eq. (4.45))
and in the case of Planck, Bose-Einstein and Wien spectra were given (see Sect. 4.5.4). We
discussed in detail the DC emission for monochromatic initial photons and in the soft photon
limit for an incoming Planck spectrum, but expect that our main conclusions also hold for
Bose-Einstein, Wien and more general photon distributions. For more general incoming pho-
ton distributions two analytic approximations for the low frequency DC emission coefficient,
equation (4.57) as a direct expansion up to fourth order in temperature and (4.58a) as a inverse
approximation, were deduced, which in combination should describe the full numerical results to
better than 5 % in a very broad range of temperatures and involve only 1-dimensional integrals
over the photon distribution and its derivatives (see Fig. 4.21 and Sec. 4.5.6 for discussion).

If the photons and the electrons have similar temperatures, which is the case in most
physical situations close to equilibrium, especially in the context of the thermalization of CMB
spectral distortions, then the inverse formula (4.58a) may be applicable up to kT ~ 100 keV
with an accuracy of better than a few percent. Since only first order corrections are necessary
for this inverse formula (4.58a), it it generally more suitable for numerical applications. For
photon distributions close to equilibrium our discussion has shown that at high temperatures



4.6 SUMMARY AND OUTLOOK 95

the DC emission for T, < 3.5387T, is less efficient than in the non-relativistic limit. Negative
corrections can be as big as 90 % for electron temperatures around kT ~ 100 keV. On the other
hand in the case T, > 3.538 T, DC emission turns out to be more efficient by a factor of a few
up to very high temperatures.

In the following Chapter we will discuss some attempts to apply the approximations derived
here in the context of the thermalization of CMB spectral distortions. One can expect that at
redshifts z > 106 — 107 relativistic corrections to DC emission become important. As we have
seen, at higher temperatures DC emission is less efficient. This may slow down the thermal-
ization of chemical potential distortion at high redshift and potentially allow to place tighter
constraints on the amount of released energy, which is still compatible with the COBE/FIrRAS
limits.
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Chapter 5

Thermalization of CMB spectral
distortions

In this Chapter we want to discuss the effects of relativistic corrections to the physical processes
at work in the thermalization of CMB spectral distortions after energy injection. As a first step
toward the full solution of this problem we have derived accurate analytic approximations for
DC emission in a hot thermal plasma (see. Chapt. 4). He we want to provide two more steps:
(i) we reexamine the formulation of the full problem and attempt to point out relevant changes
with respect to the non-relativistic calculation and (ii) we discuss the thermalization of small
spectral distortions at high redshifts with inclusion of all the necessary corrections.

5.1 General formulation of the thermalization problem

A solution of the full thermalization problem for the isotropic Universe in general can only
be done numerically, especially for large energy injections at high redshifts. Currently we are
developing a code for this purpose but a general discussion and solution is still on the way.
Nevertheless, we obtained some additional insights, which go beyond the standard calculation.

At redshifts z > 10% — 109 electrons and positrons are very abundant and electron-positron,
electron-electron and positron-positron Bremsstrahlung will be many orders of magnitude more
efficient in producing soft photons than double Compton scattering (DC) or normal electron-
ion Bremsstrahlung (BS). Hence thermalization of CMB spectral distortions will be extremely
rapid. Therefore we shall restrict ourselves to redshifts below z < 108. Here electrons and
positrons have fallen out of equilibrium with the photons and only insignificant amounts of
positrons are left from the era of electron-positron annihilation. During the subsequent evolu-
tion of the Universe the main interactions between the photons and matter are governed by
Compton scattering (CS), double Compton scattering and Bremsstrahlung. Furthermore due
to the expansion of the Universe the photons suffer from redshifting.

The photons do not interact directly with the baryonic matter (hydrogen, helium and the
nuclei of other light elements), but only mediated by electrons, which themselves are strongly
coupled to the baryons via Coulomb scattering. The time scale, on which the electrons and
baryons adjust their energy distributions is much shorter than any other time scale of impor-
tance here (see Appendix E.3). Therefore it can be assumed that the electrons and baryons
always follow a relativistic Maxwell Boltzmann distribution with temperature T,. In this case
the problem can be formulated with the Boltzmann equations for the evolution of the photon
phase space distribution function and a coupled equation describing the time evolution of the
electron (and baryon) temperature. Below we shall now write down the photon Boltzmann
equation in the expanding Universe and the evolution equation for the electron temperature
with inclusion of heating and relevant relativistic corrections.
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5.1.1 The Boltzmann equation in the expanding Universe

The time evolution of the phase space distribution function f(x,p) of a particle is described
by the Boltzmann equation R )

L[f] = C[f] (5.1)
where C is the collision operator and L is the Liouville operator. In an isotropic, homogeneous
Friedmann-Robertson-Walker (FRW) Universe f(x,p) = f(¢, E), where E and p = |p| are
the relativistic energy and momentum of the particle, respectively. In this case the Liouville
operator is given as

-pl 00
ot a° OF
where a/a =: H is the expansion rate of the Universe. With 0p = E/p - 0, the Boltzmann
Equation can be cast into the form

of _,, 9f _Clf] _

The right hand side of this equation shall henceforth be called the Boltzmann collision term.
In general the collision term is a sum of all the terms describing the different interactions of the
particles. To describe the evolution of a system with different gas species, in general one has to
solve a coupled set of Boltzmann equations for each considered species. Without any simplifying
assumptions this is a highly complex problem. For more details about the formulation of the
relativistic Boltzmann equation see Cercignani & Kremer [29].

(5.2)

(5.3)

5.1.2 Evolution of the number and energy density

If the phase space distribution f; of a particle of species i is given for every time ¢, instead of
following the evolution with the full Boltzmann equation (5.3) one can use integrated quantities,
like the number and energy density. Therefore, with the definition (A.1) for the number density,
integration of equation (5.3) over d3p making use of integration by parts yields

dN; i
d—tl +3H N; = (257%)3 /47[']32[0011,1 dp. (5'4)
The left hand side of this equation can be rewritten as
dN; 1 da®NV
i +3H N; = B ar (5.5)

If no particles are produced or destroyed the integral over the collision term I ; vanishes.
Therefore equations (5.4) and (5.5) then simply reflects the conservation of the number of
particles in the Universe and their dilution due to the expansion.
In a similar way, using the definition (A.4a) for the energy density with equation (5.3), for
relativistic particles (E = pc > m;c?) one can find
1 da’p;

at dt

- f:ih)?’ / 47 E p*Teon; dp . (5.6)

rel
Here the fact that the energy of the particle is redshifted is reflected in the additional factor
of 1/a. Thus, if there are no collisions, the particle phase space density undergo adiabatic
expansion and redshifting of the energy (p; oc a™%).

For non-relativistic massive particles (mjc > p) it follows:

1 da®p;
ad dt

= f:ih)?’ / A Ep*Leon; dp (5.7)

nr

where here p; = m; ¢® Nj. If there are no collisions, non-relativistic particle species do not suffer
from redshifting of their energy but only from the dilution due to the expansion (p; < a™3).
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5.2 Evolution of the photons in the expanding Universe

In the early Universe the photons undergo many interactions with the matter (mainly with the
electrons) in the Universe. As mentioned earlier, the most important processes are Compton
scattering, double Compton scattering, Bremsstrahlung and the adiabatic expansion of the
Universe. Among these processes for most of the times Compton scattering is the fastest.
Therefore it is convenient to express all the involved time scales in units of the Compton
scattering time, tc = 1/o1 Ne ¢ (see Appendix E.3).

The Boltzmann equation for the evolution of the photon phase space density in the expand-
ing Universe then can be written as:

on. dn,
dp  dr

dny dny

_l’_

S (5.8)

pc 947 |gg’
where we introduced the optical depth dr = dt/tc to Compton scattering as the dimensionless
time variable. Note that here and in the following 7, is the phase space density of the photons
and not their number density N,.

In equation (5.8) the seconds term on the left hand side is due to the expansion of the
Universe and the right hand side terms correspond to the physical processes listed above.
Below we now first give the collision terms with lowest order relativistic corrections and then
discuss the expansion term.

5.2.1 Compton scattering

The contribution of Compton scattering to the right hand side of the photon Boltzmann equa-
tion (5.8) in the non-relativistic limit can be treated by the Kompaneets equation [75]:

dn,
dr

0, O on
C,nr

Here we used the abbreviations = hv/kT, and ¢ = T),/T.. The Kompaneets equation was
found by lowest order Fokker-Planck expansion of the collision term for Compton scattering.
Maintaining the next order terms in electron temperature one can derive first order relativistic
correction to the Kompaneets equation [30, 67, 114]:

dny
dr

0. O 5 21 OF 7 O*F
:E%$4|:F+ee{§F+g$%+l—ox2 QSF,(Q&—GF*)‘{‘ 8{[,';:|}:| (510)
C,rel

where we have defined F(z) = On,/0x + ¢n(ny+ 1) and Fi(x) = F + ¢pny(n, +1).

One can easily verify, that the number of photons is conserved under Compton scattering
in both the non-relativistic and relativistic case by multiplying (5.10) with 22 and integrating
over frequency using integration by parts and the fact that the photon distribution vanishes
sufficiently fast for z — 0 and x — co. Furthermore one can also easily check that for photons,
which follow a Bose-Einstein distribution, ngg(z) = 1/[e*™# — 1], with constant chemical
potential u, equation (5.10) vanishes identically.

In equation (5.10) only first order corrections in the electron temperature have been in-
cluded. In this order it should be applicable up to . ~ 0.01 for z < 5. Since the main emission
due to DC scattering and Bremsstrahlung is coming from regions = < 1073 — 1072, we expect
that (5.10) represents the Compton scattering corrections at low frequencies up to even higher
temperatures (0. ~ 107! for 2 < 1), but it is not obvious how to treat the high frequency part.
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5.2.2 Double Compton scattering and Bremsstrahlung

The contribution of double Compton scattering and Bremsstrahlung to the right hand side of
the photon Boltzmann equation (5.8) can be written in the form [108, 80]:

_ . [1 —ny (€27 = 1)| x K(z,0,,0) (5.11)
DC+BS ¥

dny
dr

where the emission coefficient K is given by the sum of the contribution due to double Compton
scattering and Bremsstrahlung, K = Kpc + Kpg. We now discuss each of them separately.

Double Compton scattering

Due to the large entropy of the Universe at high redshifts (z > few x 10°) DC emission dom-
inates over BS by many orders of magnitude. The DC scattering emission coefficient can be
given as

4o
KDc(x, 06) = 3_7'(' 93/ e’ x gdc(m, 97, He) s (5.12)

where « is the fine structure constant and gqc(x, 6, 6.) is the effective DC Gaunt factor.

In Chapter 4 we have discussed the contribution of DC scattering in a hot isotropic thermal
plasma to the kinetic equation in great detail. There we derived different approximations for
the effective DC Gaunt factor gqc(x,6,,6e). In the most general case, i.e. when DC emission at
low frequencies and the redistribution of photons at high frequencies are taken into account, we
obtained the approximation (4.52). Until now we only checked the applicability of this result
for cases when the temperature difference between the photons and electrons is small and found
excellent agreement. A more general exploration of parameters is still one the way, but as we
have argued in Sect. 4.5.1 at least in cases fairly close to equilibrium the DC energy redistribu-
tion of photons at high frequencies is many orders of magnitude less important than the first
order relativistic corrections to Compton scattering as included in equation (5.10). Therefore
in a more conservative approach we may neglect terms arising due to the redistribution of
photon by DC scattering and only include effects due to DC emission. This then leads to the
approximation for the DC Gaunt factor as given by equation (4.67).

Bremsstrahlung

At low redshifts (z < few x 10%) Bremsstrahlung starts to become the main source of soft
photons. One can define the Bremsstrahlung emission coefficient as

« )\g 96_7/2 etl1—9]

KBS(maee) 27_‘_\/@ ¢3 :

> ZEN: - ga(Zix,0e) . (5.13)

Here A\ = h/m, c is the Compton wavelength of the electron, Z;, N; and gg(Z;, ,0.) are the
charge, the number density and the BS Gaunt factor for a nucleus of species i, respectively. Var-
ious simple analytical approximations exists [108], but nowadays more accurate fitting formulae
may be found in Nozawa et al. [90] and Itoh et al. [68].

In the early Universe hydrogen and helium contribute most to the BS Gaunt factor. In the
non-relativistic case the hydrogen and helium Gaunt factors are approximately equal, gu g ~
gHe fi, down to a few percent. Therefore at low redshifts the sum in (5.13) may be simplified to
> ~ gua Nb, where Ny, is the baryon number density as given by (E.la). However, for percent
accuracies one should take the full expressions for gy g and gpe g into account.



5.3 EVOLUTION OF THE ELECTRONS AND BARYONS IN THE UNIVERSE 101

5.2.3 Expansion term

The left hand side of the photon Boltzmann equation (5.8) may be simplified using different
variables. Transforming from p = hv/c to £(t,v) = hv/k T starting from (5.3) one finds

Oyl gy O O O HOEE
ot apl, ot o], Lot],
on. on. T
— I _eZI| |4 H 14
o |, S ee |, |TT (5.14)

Until now we have not specified the choice for T’,(t), which can be regarded as a free param-
eter to describe the energy density of the photon field (see Appendix B.2). The two natural
possibilities are the electron temperature T, and the effective temperature T, = T (1 + z) of
an undisturbed blackbody with energy density as given today for the CMB.

The effects of the expansion on the evolution of CMB spectral distortions become only
important if the temperature of the electrons and the photons differ significantly. Nevertheless,
here we are interested in percent accuracy and therefore should include this term. On this level
it is also important to include the change of the expansion rate during heating, especially when
one is considering the evolution of initially large distortions.

5.3 Evolution of the electrons and baryons in the Universe

Interactions between the electrons and the baryons in the Universe are extremely rapid. Thus,
it can be safely assumed that the phase space densities for these particles at any time of
interest to us are very close to relativistic Maxwell-Boltzmann distributions (see Appendix A
for definitions) with the same temperature T} = T.

Unlike the baryons the electrons in addition are strongly coupled to the photons via Comp-
ton scattering. Below we shall assume that only insignificant amounts of electrons or baryons
are created in the process leading to the injection of energy. Then the number densities for e,
H, He and other light elements are given by N; =~ Njo(1 + 2)3, where Ni,o is the present day
value. Therefore instead of following the evolution of the phase space distribution it is sufficient
to consider only the evolution of the electron temperature. Below we now derive the equation
governing this evolution including relativistic corrections.

5.3.1 Evolution of the electron temperature

In order to describe the evolution of the electron temperature we consider the first law of
thermodynamics for each species i (7, e, H, He and other light elements):

dQ; = d(a®p) + P, da?, (5.15)

where the external source of heating is represented by d@; and p; and P, are the energy density
and pressure of the particle i, respectively. Then the total, comoving heating rate is

1 d@ 1 dap; 1 da®
—- — = — — P . 1
ad dt ; { 3Td @ dl (5.16)

For photons the pressure is given by P, = p,/3 (see Appendix B). Thus, with the identity
a=3da®/dt = 3H the contribution of the photons to (5.16) reduces to

1 d@Q, 1 da4p,y

a3 dt et dt
This is directly related to the collision integral of the Boltzmann equation describing the photon
phase space density evolution (cf. Eq. (5.6)). We will discuss this term in Section 5.3.2.

(5.17)
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To find the contributions due to e, H, He, etc. for each of them we substitute p; and P, from
equations (A.5a) and (A.5b) into (5.16). This then leads to

1.dQ 1 da'p, 2 1 da®N; dF(6;)
371 T 1 i F(6;) = N; 3H N; 6; ¢, 5.18
Fat ot At ;m SO T a (5.18)

where 0; = kT./m;c? and F(z) is given by (A.6). Since we assume that no e or H, He and
other nuclei are destroyed or created the first term in the sum vanishes. To simplify the second
term in the sum we can use the definition of the specific heat capacities, cy;, as given in the
Appendix A.4. With this one can write

L2 N — . — N s
m;c Nl i ; 91 Nl Cvi ; . (519)

dt
Since due to Coloumb interactions the temperatures of all particles are T; = T, and because
the masses of the nuclei of H, He and the other light elements are orders of magnitude larger
than the electron rest mass, for these we neglect relativistic corrections, i.e. cy; ~ 3k /2. Now,
one can reformulate equation (5.18) in the following way:

1 dQ 1 da*p, db,

- == — *— +2Ha 6 5.20

@At al a T Ta e (5.20a)
where tilde denotes that the quantity is expressed in units of the electron rest mass and we
introduced the definitions

3
a = § SN (5.20b)
iy
dF(6.) 3
o= N, ——1. 2
o' a+ e[ . 2] (5.20¢)

The second term of (5.20c) arises only due to relativistic corrections of the electron heat
capacity. For 6, < 1 it directly follows that o = «o*. If we only consider electrons, hydrogen
and helium, using the definitions (E.3) one can write

a = g [Xe (1 - %) + <1 - Zypﬂ Ny, (5.21a)

Y 15 45 5 135 4 4

Oé* ~ O[—|—Xe <1 — 713) |:Z 96— gee + 3—29€:| Nb—FO(ee) (521b)

The characteristic time scale in equation (5.20) is determined by the interaction of electrons

and photons and hence is given by the Compton time tc = 1/o1 Nec. Again it is convenient

to express the time derivative in terms of optical depth to Compton scattering dr = dt/tc.
With this one finds the equation describing the evolution of the electron temperature

dg. 1 1 da*p,
=— |q¢g— — —2Htca b 5.22
dr  o* [ at d cabe (5:22)
where we introduced ¢ = a%, % Due to Compton scattering the temperature of the electrons

is always very close to the Compton scattering equilibrium temperature 6.q, which will be
discussed in Section 5.3.2. For small spectral distortions this temperature is nearly equal to the
effective CMB temperature. Thus it is convenient to rewrite equation (5.22) in terms of the
relative difference between the photon and electron temperature, [0, — 6,]/6,. This leads to

d Af, 1 1 da*p,

dr 6, a*l, et dr

— Htc[2a—a*] 6] (5.23)

where we defined Af, = 6, — 0. For numerical applications this form is more suitable, since
even in cases with rather big CMB spectral distortions the relative difference A, /6 is small.
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Some simple considerations

If we consider the case when the Universe is only filled with matter and no heating by dissipation
of energy or decay of unstable particles is occurring, then, if we neglect relativistic corrections,
equation (5.22) reduces to

——omg, =100 g (5.24)

which has the simple solution Te = Tt o(1+ 2)2. Here T¢0 is the present day temperature of the
electrons. This solution shows that without any photons, due to the expansion the electrons
would cool down faster than T, = Ty(1 + z).

If one now includes undistorted photons and assumes that due to Compton scattering
T, =T, =T, for all times (since there are no initial spectral distortions this should be true),
then it follows that the photons have to continously heat the matter to keep it close to the
temperature T,. It is easy to find a solution also in this case. Using (5.23) it follows that

1 da'p,
a* dt

— —Hab,, (5.25)

which has the simple solution p, = p,0[1+ An(1 + 2)] (1 + 2)%, where the subscript ’0” indi-
cates present day values and A ~ 3[1 — 5Y;,/8] N}, 00.0/pv0 ~ 6 x 10710, Luckily due to the
large entropy the heat capacity of the electrons and all the baryonic matter is tiny as compared
to the huge energy reservoir of the photons. Let us now examine the term arising due to the
interactions with the photons.

5.3.2 Interactions with the photons

The heating and cooling of the electrons due to interactions with the photons can be split up
into the contributions due to Compton scattering and due to the emission of low frequency

photons by DC scattering and Bremsstrahlung (dp./dr = —dp,/dr):
1 da*p dfe dpe
=GPy _CP P . (5.26)
a* dr d7r | d7 |peyss

Typically the energy transfer due to Compton scattering is much more important than cooling
due to emission of soft photons. We now shall examine each of these contributions separately.

Compton heating and cooling

To derive the term describing the energy transfer due to Compton scattering one can use the
generalized Kompaneets equation including first order relativistic corrections (see Eq. (5.10)).
Multiply by E = pc and integrating over d*p, making use of integration by parts, one may
obtain (see also Sazonov & Sunyaev [114] for similar expressions):

1 21 Gs1 .0
N e Y N A B
C P [g&l ’ © 5 Gs1 7 Gsa

dpe
dr

Ty (47 21 Mgy )
S22 6 pe 1062, (5.2
<2 5 1'4) ol 0 e:| (5 7)

where p, = p, /mec? is the energy density of the photons in units of the electron rest mass,
with p, as given by (B.3b). The integrals Z;, G; ; and H; ; are defined in the Appendix (D.4).

Compton equilibrium temperature

The Compton cooling term can be conveniently written in terms of the Compton scattering
equilibrium temperature 0.4. This temperature is reached when the energy transfer by Compton
scattering vanishes, i.e. when Compton heating and cooling are balanced. Therefore one can
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find feq by solving the quadratic equation dp./dr = 0 for #.. Expanding in terms of small
photon temperature (6, < 1) this then leads to

21 G51  Beq0 |He,1
Boq = O |1 — 6, 4 221 4 Pead | 761 2
a 0 |: 5 7{ 7, " 97 |: 1y 5:| }:| (5 8)

where 0cq0 = 0, Z4/4Gs1 corresponds to the result obtained by using the Kompaneets equation
in lowest order of the electron temperature. The other terms arise due to first order relativistic
corrections to the kinetic equation for Compton scattering. For photons, which follow a Bose-
Einstein distribution, one can verify 6.4 = 0,.

With (5.28) it is possible to rewrite equation (5.27) as

dpe . 9 Iy 47 21 HG 1 Qeq + 0,
— 47, (O — -2y (-3 -0 == 2
dr | Py (Bea = e { {93 1 ( 2 5 Iy > 0 0 H (5.29)

Here again the first term in brackets can be found using the Kompaneets equation, whereas
the other terms follow from first order relativistic corrections.

Inserting this result into (5.22) one can derive the time scale, on which the electrons adjust
their temperature in a given photon field, i.e. t,e = a*tc/4 py (see Appendix (E.3)). Due to the
large entropy of the Universe this time scale is much shorter than the time needed to transfer
energy from the electrons to the photons, i.e. tx = tc/46e (see Appendix (E.3)), because a
given electron has many more photons to collide with than a given photon.

Heating and cooling due to photon production

Since during the thermalization process photons have to be produced also cooling and heating
due to emission occurs. One may obtain the corresponding term in a similar way as given above
using equation (5.11). This then leads to

dje Vi
CPe —Key - / 1 —n, (2% —1)| x K(,0,,0.) dz, (5.30)
d7 [peyss 4

where the emission coefficient K(z,6,,0.) was defined in Section 5.2.2. Since most of the
photons are produced at low frequencies usually this term is very small as compared to energy
transfer due to Compton scattering.

5.4 Towards a numerical solution of the problem

Above we have given a detailed formulation of the thermalization problem including relevant
relativistic corrections. The most significant correction arises due to the decrease of the DC
emissivity for higher temperatures. The general problem consists of a system of two coupled
equations, one for the time evolution of the photon phase space distribution, the other for the
time evolution of the electron (and baryon) temperature. Here we want to further point out
some numerical issues, which may be of use.

5.4.1 Representation of the photon spectrum

In equilibrium the photons follow a Planckian distribution, which varies over many orders of
magnitude in the full range of frequencies. Therefore we decided that it is better to describe the
photon distribution as a Bose-Einstein spectrum, with frequency dependent chemical potential
p(t, x). In this representation equilibrium with respect to Compton scattering is reached, when
the derivative of p vanishes at all frequencies. This should allow for much higher accuracy
with smaller computational efforts (e.g a smaller number of grid points in frequency). In the
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Appendix B we have given several relations between the photon phase space distribution and
quantities like its derivatives and frequency dependent chemical potential, which have been
very useful in rewriting all the equations given above.

For a complete representation of the photons one also has to choose the temperature 6. It
turns out, that for 7' = T), = Ty (1 + z) the term in the brackets of equation (5.14) vanishes,
since then T,Y /T, = —H, so that one has £ = x. This simplifies the computations significantly,
because the expansion term was found to be liable for numerical instabilities [25]. However, it
still appears in the equation governing the electron temperature evolution (see Sect. 5.3).

5.4.2 Compton scattering relativistic corrections

The contribution of Compton scattering to the collision integral including the first order rela-
tivistic corrections was formulated as a forth order partial differential equation (see Eq. (5.10)).
For numerical applications this is not simple to solve and including higher order corrections
in the Fokker-Planck series is hopeless. Therefore instead we studied an approach combining
the Kompaneets equation and the relativistic Compton kernel. For this we split the evolution
up in to the fast part, which is represented by the Kompaneet equation, and modeled the slow
part resulting from the relativistic corrections by the Compton kernel. Unfortunately, the final
implementation and discussion of results are still not completed.

5.4.3 Double Compton and Bremsstrahlung

The calculation of the contributions due to DC scattering involve 1-dimensional integrals over
the photon spectrum. Neglecting the redistribution of photons by DC scattering, it is sufficient
to update the values of these integrals on much longer time scales than required for Compton
scattering, since these change only when the photon distribution a high frequencies is modified
significantly (the main contribution to the integrals comes form x ~ 5).

Using the fits to the Gaunt factors for Bremsstrahlung as provided by Nozawa et al. [90] and
Itoh et al. [68] involves sums over many coefficients (~ 100), which turns out to be very time
consuming. The Bremsstrahlungs Gaunt factors only change significantly when the electron
temperature has evolved. It is possible to analytically derive derivatives of the fitting functions
with respect to x and 6, and to calculate these up to some specified order. Given the Gaunt
factor and its derivatives at some temperature in the full frequency range, one can estimate
when the next updating of these coefficients is necessary. This saves a lot of time and the
required accuracy can be controlled easily.

5.4.4 Electron temperature

In general one has to couple equation (5.23) to the photon Boltzmann-equation. This leads to
a very stiff system and a solution is slow. After heating has ceased it is possible to assume
that the electron temperature is always given by the Compton equilibrium temperature ¢q
as defined by (5.28). This significantly eases the numerical solution of the problem, but for
high accuracy this may not be adequate, since the energy required for the production of low
frequency photons has to be taken into account properly.

5.5 Thermalization of small spectral distortions

In the previous Section we have given a formulation of the thermalization problem including all
the relevant relativistic corrections. In this Section we want to examine the effects of relativis-
tic corrections on the thermalization of small spectral distortions analytically using suitable
additional assumptions.

From the discussion in Chapter 4 it can be expected that relativistic corrections to Compton
and DC scattering of CMB photons are of the order of a few x 1 — 10 percent at redshifts
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z > few x 10%. At lower redshifts relativistic corrections become negligible at least if one is not
considering the details of the heating mechanisms, which may involve electromagnetic cascades
with very hard photons and relativistic particles. Since at these early epochs Bremsstrahlung
is orders of magnitude less efficient than DC emission we shall completely neglect it here.
Furthermore any energy injection at z > few x 107 leads to a u-type spectral distortion [126,
65, 46, 59|, with frequency dependent chemical potential u(t,z). Therefore we now focus the
discussion on the evolution of small chemical potential distortions, arising after energy injection
in the high-z Universe including relativistic correction.

5.5.1 Time evolution of small chemical potential distortions

Starting with the equations given in Sections (5.2) and (5.3) we now introduce the following
additional simplification: (i) we assume that the photon and electron temperatures are identical,
T, = T,. For small spectral distortions this is certainly true, since the Compton equilibrium
temperature is very close to the effective photon temperature. (ii) We use T, = T, = Ty(1+ z),
such that the expansion term in the photon Boltzmann equation transforms away. This fixes
the energy density of the photons to be close to the CMB energy density. (iii) We assume that
the photons evolve along a sequence of equilibrium spectra. Therefore the left hand side of
the photon Boltzmann equation (5.8) may be set to zero. At high redshifts Compton and DC
scattering are extremely efficient, which justifies this assumption.

With all these comments the solution of the problem can be obtained in two steps: first one
may solve the equilibrium Boltzmann equation

_ dny dn,

0= 5.31
dr ( )

¢ d7ipe’
where dn,/dr|c is given by (5.10) with ¢ = 1 and dn,/d7|pc has the form (5.11) with
appropriate emission coefficient K = Kpc as discussed below. This reduces the problem to
a fourth order non-linear ordinary differential equation in z, = z = hv/kT,. After obtaining
the frequency dependence of the chemical potential at a fixed time it can be used to solve the
time dependence of its high frequency amplitude. A similar procedure was first introduced by
Sunyaev & Zeldovich [126] to solve the evolution of CMB chemical potential distortions under
Compton scattering and Bremsstrahlung in the non-relativistic limit (the importance of DC
emission in this context was realized later by Lightman [80]).

Equilibrium spectrum in the limit of small chemical potential

For small chemical potential |u(t,z¢)| < 1 one can approximate the photon phase space distri-
bution by n(t,z.) = 1/[eme+“(t’me) — 1] = np;+ u(t, xe) - Oy np1, where npy is a Planck spectrum.
Using this and the relations (B.3) equation (5.31) can be linearized keeping only the lowest
orders in p and its derivatives. This then leads to
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where prime denotes derivative with respect to z, and the abbreviations ny = npj(np; + 1)
and ne = 2np; + 1 were used. To define the critical frequency Z. we have to specify the DC
emission coefficient Kpc. Here we shall use the approximation gge(ze, o) ~ e~%/2 G(6,) for
the effective DC Gaunt factor, as given in Section 4.5.5. We mentioned earlier (Sect. 4.5.4)
that relativistic corrections to DC emission depend only weakly on the value of the chemical
potential. Since we also assumed that spectral distortions are small we may use the results
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obtained for the case of Planckian photons, i.e. Eq. (4.60). This yields G(0.) ~ G§'/[14+14.16 6,],
where Gg U= 474 /15 =~ 25.976. Therefore the critical frequency is given by

1/2
o = [33 0, eme/2gdc(xe,ge)] ~3.03 x 107002 (14 2)/2[1+14.16-6.]7/2,  (5.33)
s

which in the non-relativistic limit becomes
27 =3.03 x 1075052 (1+ 2)1/2. (5.34)

The critical frequency strongly depends on the temperature and changes significantly with
redshift. Comparing z. and 22" shows that due to relativistic correction to DC scattering the
critical frequency shifts toward smaller values.

Now, following Sunyaev & Zeldovich [126], we go to the limit z, < 1. Therefore one may
further simplify equation (5.32) with the substitutions n; — 1/22 and 2ny — 2/z.:

4@2: 0 2| 7 17 / 14 " 7 2 m
— — 04— — — - — =0. 5.35
2 P g e [M e Yok T F Tel T 1gleH (5.35)

With the assumption that relativistic corrections are small, it is possible to use a perturbative
approach. Inserting = (@ + 6, x4 into (5.35) and collecting terms according to their orders
in f, one may obtain the following system of two 2. order linear differential equations:

4.@2 (0) 8 2 3,u<0)

22 ~ n " om = 0 (5.36a)
432 0 o op

c (1) _ 201" _ (0)
xg 8'%.6 e 8'%.6 S(I’e,,u ) . (536b>

Here the source term S(z, (%)) may be written as

0 L1 op® 14 2O 7,930
)y — _ 2| 1O O 1% L X
S(wey pu'™) oz xe[m . g e 022 1o e o | (5.36¢)
The 0. order equation was already derived and solved by Sunyaev & Zeldovich [126]:
i@ = poe™*, (5.37)

with £(t, Te) = &c/Te. At large frequencies (ze > i) u® — pg and for z. < &, it vanishes.
Inserting 1) into equation (5.36b) one may find the solution for the first order correction

1) _ _ () puo2, U,
ut = —p [C%—f {4+10£ 155 . (5.38)

Since the chemical potential should approach g for xe — 0o, the integration constant C' is set
to zero. Then the approximate solution for the equilibrium chemical potential at a fixed time
t is given by

(t o) = uot) e~ [1 —0.¢- {1741 Al 52}] . (5.39)

With this the brightness temperature 6,(x.) can be given by 0.(x.) = 0e/[1 + p(ze)/xe] (se€
Eq. (B.2b) in the Appendix). In the non-relativistic case the maximum of |0.(ze)| is at the
frequency z¢l),x = 22¢". Including first order relativistic corrections to both Compton and DC
scattering, this frequency shifts towards lower values

83
Temax ~ 2Zc [1 + 0 He] ~ 2201 — 56, . (5.40)
In Figure 5.1 the comparison between the equilibrium solution in the non-relativistic and
relativistic limit are shown as functions of z, for z = 5 x 107 and po = 2 x 1073, Relativistic
corrections lead to a few % differences. Due to relativistic corrections the effective value of
the critical frequency Z. is shifted towards lower values. Also the position of the maximum

difference in brightness temperature decreases as compared to the non-relativistic case.
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Figure 5.1: Comparison between the equilibrium solution in the non-relativistic and relativistic limit for
fo = 2 x 1073 at redshift 2 = 5 x 107. a) Chemical potential: non-relativistic result u(®)/ug (solid), with
relativistic corrections to CS and DC scattering (dashed) and the difference between the relativistic and
non-relativistic equilibrium chemical potentials, Au/po (dashed-dotted). b) Brightness temperature:
non-relativistic result AT /Ty = (T'—Tp)/To (solid), with relativistic corrections to CS and DC scattering
(dashed) and the difference between these two, A = (T*! — T") /T, (dashed-dotted).
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5.5.2 Solving the time evolution in the limit of small chemical potential

In the previous paragraph we have given the equilibrium solution of the chemical potential at
a fixed time. With this one can calculate the number, N, (t) = Np; - ¢, and energy density,
p~(t) = pp1 - fu, of the photons using the definitions (B.5). The main contributions to the
number and energy density of the photons come from the region = > 1. At these frequencies
W~ po is roughly constant. It follows

i% 4dlnTv+dlnfu‘%

- 5.41
P, dt dt duo | dt (5.41a)
1 dN, dInT, ding, dug
B et i CHO 5.41b
N, at a  Tdp (5.41b)

for the time derivatives of IV, and p,. Combining these equations it is possible to eliminate the
time derivative of the temperature:
dpo(7) 1 1 dpy 1 dN,

=— |3 4 — 5.42
dr B, | pydr Ny dr |’ (542)

with B, = 3 % —4 % = % — % ~ 2.143 and the integrals I; = fooo ¥ npyde, I ~ 1.645,
Is ~ 2.404 and I3 =~ 6.494. Moreover we have already linearized in ug and transformed to the

variable 7. This equation was first formulated by Sunyaev & Zeldovich [126].

Change of the number density

The change of the number density of the photons is only due to DC emission, since Compton
scattering conserves the number of photons. Therefore using equation (5.11), in the limit x| < 1
one may find:

1 dN, 4326, % e¥/2 fi(t,y)
— c — g 5.43
N, dr L, M /0 Y (5.43)

o y(ev —1)
with i = p/po. The remaining integral can be solved approximately by splitting the integration
region up into £ <1 and £ > 1:

00 ey/2 ,&(t y) Te/2 . df 1 oo
I = / e S d ~ / e_xc/2£ Aa r t7 J— —|— - / [ t, d 5 544
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) 11 17 1., [4 11,7
o 17 N , 4
fiappr = 1 [2+ 1 He} £+ {2+ 1 He]ﬁ [3+ 20 He]ﬁ (5.45)

Since for redshifts z < 10% it follows 4. ~ few x 1072 < 1 consistent up to O(6.) Eq. (5.44)
may be written as:

1 69 . 1 2 ~9
IM:Q.@C [1—596—(14—20)1}(34-{5—5—20}.7](:]

_1-1.7250, — 0.5612 & 4 0.2030 &2
- 2

: (5.46)

where 0 = Ei(—1) = — [~ e7!/tdt ~ —0.2194. The approximation to I,, given here is accurate
up to better than 0.15% in the range 6, < 0.05 and . < 0.01.

It is important to note, that in the integral I, the term proportional to the electron tem-
perature is due to the relativistic corrections to CS only. The terms proportional to Z. arise as
corrections to the non-relativistic result, with the modifications of the critical frequency due
to DC relativistic correction taken into account. We neglected terms o 6, Z. and higher since
they are already of (’)(93/ 2).
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Final evolution equation

Now, using (5.43), (5.44) and (5.46) one may rewrite equation (5.42) as:

dpo Ho
+aQ(t 4

where a = 3/B,, = 1.399 and Q(t) = p,/p is the energy injection rate relative to the CMB
energy density. Here ¢, 4c is given by

B, I, ,_
tyde =tc L= f!
w,de C 86, i’gr f (Z)
=2.09 x 10% (1 — Y, /2) " (h?) ' x 0,57 - (14 2)92f71(2) s, (5.48)

where we used ©97 = Ty/2.7K and
f(z) = 280, [1+14.16 0,71/ (5.49)

For the the WMAP concordance model [11] (the parameters are given in the Appendix E) one
finds ¢, pc = 1.05 x 10% (1 +2)792f71(2) s .

Up to z < 108 relativistic corrections to CS and DC scattering are only of the order of a few
percent. Therefore, keeping only terms up to O(6,), we may approximate f(z) in the integrand
of F(z) including all other corrections by

fR)m 1= A A2 (1+2)YV2 - A A1 +2), (5.50)
where A\ = kTy/mec® ~ 4.55 x 10710 057 and the coefficients Ayjp and A; for different types
of corrections are given in Table 5.1.

General solution

Assuming radiation domination the expansion time is given as tex, = t./(1 + 2)?, with the
abbreviation t, = 4.88 x 10 @53 s (see Appendix E.3). Now, the general solution of equation
(5.47) can be written as

M(Za ZO) = :U’(ZO) ’ H+(Z) ’ H*(ZO) + '%HJr(Z) ’ ‘C(Zv ZO) ) (551)

with & = at, and where we defined the functions

H,y(z) =exp[£ F(2)] (5.52a)
z 21)3/2

Fz) = g / 1 % £() a2 (5.52)

L(z,z0) = /20 % H_(Z)d?. (5.52¢)

Here the thermalization redshift z, for DC scattering is given by

5t,u,dc (1+Z)9/2f(2) 2/5
o= ="

=4.09 x 10° (1 — Y, /2)"2/5(Q,h2)~2/50L7 (5.53)

and has the value 2z, ~ 1.97 x 108 for the WMAP concordance model. Distortions arising from
redshifts zp much before the critical redshift, i.e. zg > z,, can be completely thermalized,
whereas distortions arising afterwards, i.e. 29 < z,, can survive. In the following we assume
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Table 5.1: Coefficients A /5, A1, 1211/2 %103 and A; x103 for different types of corrections: 22" corrections
to the non-relativistic result, DC double Compton temperature correction, CS Compton scattering
temperature corrections, DC & CS temperature corrections.

o DC  CS DC & CS
Ayjp 0.080 0 0 0
Ay -0.004 7.080 1.725 8.805
Ay 1994 0 0 0
A, —0.002 4526 1.103 5.629

that 29 > 2, and therefore set 1i(29) = 0. The time where heating sets in will be called 2z} and
obeys zp < 2g.

Substituting the approximation (5.50) into equation (5.52b), the integral F'(z) can be solved
and is given by

F(2) ~ w®/? [1 — Ayt — 4, w] . (5.54)
Here the variable w = [1 4 z]/[1 + z,,] and the coefficients 1211/2 = %Al/z 9}/2 and A; = A0,
(see Table 5.1), with the temperature at the thermalization redshift, 8, = A (1 + z,) ~ 8.95 x

10~4, were introduced.

In (5.54) the term oc w®/? corresponds to the non-relativistic limit and was obtained earlier
by Danese & de Zotti [46]. The term o< w? arises only from the 217 correction to the integral I,
and is of the same order as the CS and DC scattering temperature corrections. It changes the
non-relativistic result by a few percent. The term o w?/2 mainly corresponds to temperature
corrections to CS and to the DC emission coefficient with a very small contribution from the
(z27)? correction to I,. In the following we will neglect the (z27)? correction. The effects of
relativistic corrections only enter through the temperature corrections to DC and CS.

5.6 Energy injection by different physical mechanisms

In this Section we will discuss the solution (5.51) of the high frequency time evolution of the
chemical potential for different energy release mechanisms and estimate the residual distortion
at redshift z = 0. We shall assume that energy is injected well before Compton scattering is
able to bring the spectrum into quasi-equilibrium, which roughly happens at z ~ 4v/2 2 [25].
Here zk is determined by the condition texp,/tk ~ 1, i.e. where the expansion rate and the rate
of energy transfer from the electrons to the photons become equal. With the relations in the
Appendix E.3 one can find

2k = 7.09 x 102 OY2(1 = Y, /2) V2 (Qph?) /2, (5.55)

which is zx = 5.09 x 10% for the WMAP concordance model. For z < 4/2 2k ~ 2.88 x 10° <« 2y
CS can no longer efficiently up-scatter photons from low frequencies and hence the number of
photons (and the residual chemical potential) at high frequencies freeze out. On the other hand
at low frequencies DC and (at some point) BS still produce photons, but relativistic corrections
are already negligible. Therefore the low frequency spectrum will subsequently evolve like in
the non-relativistic limit, which has been discussed in Hu & Silk [59].
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Figure 5.2: Remaining high frequency chemical potential p/pn with py, = p(zn) for a single energy
injection at heating redshift wy = [1 4+ z4]/[1 + 2,]: The thin dashed line shows the non-relativistic
result as given by (5.58), whereas the thin solid line shows the result with relativistic corrections to CS
and DC included (Eq. (5.57)). — The heavy lines show the relative difference between the remaining
chemical potential p and gy s (right ordinate) including CS relativistic correction (dash-dot-dotted),
DC scattering relativistic correction (dash-dotted) and both relativistic corrections (solid). Also shown
is the & correction to the non-relativistic result (dashed).

5.6.1 Single energy injection at z,

For a single energy injection the heating rate is given by Q(z) = Qo d(z — z)/ | dt/ dz|, where
Qo = 6p~/p~ is the fractional change of the photon energy density and dt/dz = —texp/(1+2).
Inserting this into equation (5.52c) yields

ps(z,2n) = aQo Hi(2) - H-(2y) (5.56)

Now, setting z = 0 and substituting wy, = (1 + z1)/(1 + 2,) the residual chemical potential
after thermalization can be written as:

p5(0,20) = p(wn) x exp | —wy/ (1= Ayjpwy/® = Ay )| (5.57)

where pn = p(wy) = adpy/py. The first term in the exponent of equation (5.57) corresponds
to the result in the non-relativistic limit [46], where the £7" correction to the integral I, is
neglected. Including this correction one may write:

nr,5(0, 2n) = p(wn) X exp [—wiﬂ (1 — Bar wlll/Q)} , (5.58)

where 8, = A, 2 = 1.994 x 1073 (Here we have neglected the small contribution due to the
(z27)? correction). Since the temperature 6, ~ 8.95x 10~* at the thermalization redshift is very
small, one may find for the relative difference A = p5/pnrs — 1 between the non-relativistic
(5.58) and the relativistic (5.57) result

Alz) ~ Ay w? (5.59)

For wy, ~ 1 the temperature corrections to CS and DC are only of the order of A ~ few x 1073,
but for wy, ~ 1.2 they reach already percent level. At heating redshifts z ~ 5 x 10° relativistic
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corrections for the WMAP Universe lead to ~ 15% deviations from the non-relativistic result
(see Fig. 5.2). It is important to note that CS relativistic corrections are a factor of ~ 4 less
important than DC relativistic correction.

It is important to note that for wy ~ 2.22 a value of Qo = dp./py ~ 0.1 is still compatible
with the COBE limit on the residual chemical potential, [u| < 9 x 107°. In this limiting case
it follows that u, ~ 1.460p,/p, is not much smaller than unity anymore. Therefore one can
expect that non-linear effects in the evolution of the chemical potential may already become
significant. We will discuss this point again below.

5.6.2 Energy injection from annihilating relict particles

After particle freeze-out the number density of relict particles of species X and its anti-particles
X evolve like nx = ng = nxo (1 + 2)3, where nx is the present day number density and we
assumed symmetry between the particle and its anti-particle. Then the annihilation rate is given
as I'yx = (oxx v) nx nx, where (oxx v) is the thermally averaged annihilation cross section
times relative velocity. We assume that this quantity is approximately constant, (oyx v) = 0y,
i.e. s-wave annihilation. From this it follows that the relative heating rate per unit time is given
as Q(z) = Qo (1 + 2)?, where Qo = 209 mxc?n%,/py0, mx is the rest mass of the particle and
p~o is the present day energy density of the CMB.

To obtain the chemical potential form continuous energy injection one may use the result
(5.57) and integrate a Q(z)|dt/dz| ps(0, z)/u(wy) over dz. If heating starts at redshift zs and
ends at z, then one may approximate the resulting chemical potential as follows:

pxx(Ze, 2s) = A /ws % X exp [_55/2 <1 — 211/2 ey _ 4, {)} , (5.60)

We

with A = £ Qo. In the limit 6, < 1 the solution of this integral may be written as

2 - - B
pxcx (Zes 25) = 5 AT (0, 65/2> + A1/2 I (%’ 55/2> + AT <%’ 55/2) ] : (5.61)
Here the convention [g(x)]} = g(a) — g(b) and the definition of incomplete Gamma-Function,

I(a, z) = [ t* T et dt were used.
The term o< T’ (O, 55/ 2) corresponds to the exact non-relativistic result. In the limit w, < 1
and wg ~ 1 it is approximately given by

1+ =z
ixsolze) = A In [1 t } | (5.62)

which was used by [86] to constrain the abundance and cross-sections of annihilating relict
particles. Despite a 5 — 10% difference between the exact non-relativistic result and the ap-
proximation (5.62), relativistic corrections to CS and DC scattering are completely negligible
in this context. This is due to the fact that the bulk of the energy from any annihilating particle
is injected during the non-relativistic regime of the chemical potential evolution.

5.6.3 Energy injection by unstable relict particles

For non-relativistic decaying relict particles of type X the energy density at time ¢ is given by

1+ 2
1+ 2

3
px(e) = pox |12 | expl(e =/, (5.69
where pg x is the initial energy density of the particle at the time ¢4 at which the heating by
decay starts and tx is the mean lifetime of the particle. Apparently we assumed tg > t, i.e. the
decay starts at times after the freeze-out of the particle density. Furthermore, assuming that a
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fraction f of the released energy is finally heating the photon field, the relative photon heating
rate is given by

Q(Z) = Qo w? eXp[—(t - ts)/tx] ’ (5‘64)

where here Qo = I'x 7 ws, with the decay rate I'x = 1/tx and r = f ps x/ps~ is the ratio of the
energy density of the decaying particle and the photons at time t5. In the radiation dominated
era the time-redshift relation is given by #(z) = t./2(1 + 2)? =~ 2.44 x 101 ©,7 (1 + 2)~2
Using this relation and inserting (5.64) into (5.52c) the residual chemical potential resulting
from particle decay can be cast into the form:

ux(0,25) = al / % X exp {—55/2 (1 - 1211/2 12— A f)} , (5.65)

where A = 2rwy and {x = wx = /tu/tx = [1+ 2x]/[1 + z,], with 2x = z(tx) and t, = t(2,):

t, ~ 146 x 108 (1 — Y, /2)/5(Qph?)"5 0,35, (5.66)

which has the value ¢, ~ 6.15 x 10% s for the WMAP concordance model. The parameter A may
be rewritten in the following way:

A~ 7.79 x 108 (1 - Y, /2)23 (,h2)2/5 0,17 - x (5.67)

with x = f [’g’é\cf } Zj((f:)) where nx(ts) and n,(ts) are the relict particle and photon number

densities at the time tg, respectively. A ~ 1.61 x 10y for the WMAP concordance model.

The integral (5.65) can be easily solved numerically. For its derivation we have assumed
that an negligible amount of photons is injected during the decay. This implies that the number
density of the particles has to obey nx < n, at any time and that the possible electromagnetic
cascade of particles after the decay will also contain a negligible amount of photons. Calculations
of pair-photon cascades show that in the early Universe this assumption is well justified [140].

Alternative consideration

It is interesting to compare the remaining chemical potential (5.65) to the chemical potential
which results if all the energy injected during the decay is effectively released at ¢ = tx. To do
so, we first calculate the total amount of energy released into the CMB

5p,y 0 dé'e (£X/E ﬁ _1
v _ [T gar~ / — YT £
Py ts 54/5)( 4 X

~ 2.86 x 10% @27 v/tx/1s - x. (5.68)

Here for simplicity we have neglected any relativistic corrections. Now, using the results ob-
tained in Sect. 5.6.1 and z oc 1/+/ one may easily find

)
1(0,2,) = a ] - exp [— (tu/tx)5/4]
Py

~ 4.00 x 102 Og.7 /tx /15 - exp [— (t“/tx)5/4] X (5.69)

Despite a factor of 2 difference in the numerical coefficient this equation was previously ob-
tained by Hu & Silk [58] and used to constrain the lifetimes and energy density of decaying
relict particles. In this estimate the visibility function for chemical potential spectral distor-
tions, V ~ exp[—w5/ 2], in the low baryon density Universe has been neglected. For long lived
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Figure 5.3: Remaining high frequency chemical potential ux /A after energy injection due to unstable
particles with different lifetimes ¢x: In the non-relativistic case (thin/dashed) and with relativistic
corrections to CS and DC (thin/solid). Also shown is the estimate as given by Hu & Silk [58], were
the effects of the visibility function for DC thermalization has been neglected (thin/dotted) — The
heavy lines show the relative difference between the remaining chemical potential px and px o, (right
ordinate) including CS relativistic correction (dash-dot-dotted), DC scattering relativistic correction
(dash-dotted) and both relativistic corrections (solid). Also shown is the Z.-correction (dashed).

particles (tx > 107 s) energy injection effectively occurs at late times, where V ~ 1 and thereby
justifies this approximation. On the other hand, for particles with lifetimes comparable with the
thermalization time ¢, the effects of the visibility function have to be taken into account. Ne-
glecting the visibility function leads to an underestimation of the remaining chemical potential
and therefore weakens the constraint significantly.

In Figure 5.3 the remaining chemical potential px due to the decay of unstable particles is
shown. For short lifetime particles (£, > 1) the relativistic corrections change the results by a
few percent. In comparison with the case of single energy injection, relativistic corrections are
less important. For long lifetime particles (£, < 1) relativistic corrections can be completely
neglected.

5.7 Summary and discussion

In this Chapter we have reexamined the formulation of the thermalization problem including
relevant relativistic corrections (such as corrections to CS, DC and the heat capacity of the
electrons). Likely, the main corrections arise due to the decrease in the DC photon production
efficiency for higher temperatures. This should slow down the process of thermalization at high
redshifts (z > few x 10%) and therefore make the CMB spectrum more vulnerable for large
distortions even beyond the thermalization redshift z ~ 2 x 105. A full numerical solution of
the problem was not obtained yet.

Furthermore we have studied the thermalization of small chemical potential distortions at
high redshift, where one expects the largest effects due to relativistic corrections. We obtained
analytic approximations for the residual high frequency chemical potential in the case of single
energy injection and for heating by annihilating and unstable particles, including relativistic
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corrections to CS and DC scattering. Our results show that temperature corrections to Comp-
ton scattering are less important (roughly a factor of 4) than DC relativistic corrections, but a
conclusive examination requires the inclusion of non-linear effects, possible temperature differ-
ences between the electrons and photons (especially for large distortions) and deviations from
quasi-equilibrium (especially at lower redshifts). Therefore one has to await a full numerical
solution of this problem. Let us note that in the limit of small distortions we have already
confirmed the results for single energy injections including DC corrections numerically.

Non-linear effects

In the derivations presented above we have assumed that |u| < 1. Even in the non-relativistic
limit deviations due to non-linear effects lead to significant corrections already for p > 1073,
As noted by Burigana, Danese & de Zotti [25] and Hu & Silk [59], for larger initial chemical
potential the value of the critical redshift effectively increases. Here one important effect is
that for larger chemical potential the transition between the high (u =const) and low (u = 0)
frequencies becomes much faster. Therefore the region where most of the DC emission is arising
gets more narrow leading to a strong decrease of the photon production rate. As has been noted
by Hu & Silk [59] for g; > 1072 — 107! it is not sufficient to use (5.56) with at larger value of
the critical redshift z, in order to account for these effects of non-linearity.

Another point is connected with the decrease of the low frequency non-relativistic DC
emission coefficient for larger u. In Section 4.5.6 we have given approximations for the emission
coefficient of Bose-Einstein spectra in the form

4nt —1.0554 <1
e or
0,BE ~ { 1o = (5.70)

24 - e # for p>1"

Here, for p > 1 the BE spectrum was approximated by a Wien spectrum n(zo) = ng-e~ " with
number density ng = e™#. This approximation is sufficient within a few percent for 1 < p < 3
and excellent for u > 3.

Using this expression we have estimated that the solution shows the right tendency: for
bigger initial chemical potentials the thermalization is slower. But in fact the solution is only
significantly different from (5.56) if the initial chemical potential is p; > 5- 107! and even
then the difference is only a few ten percent. Therefore the modification of the DC emission
coefficient is likely not responsible for the big differences in the thermalization timescales for
wi < 1and 2, > 109,

We conclude that relativistic corrections to DC and possibly to CS may significantly slow
down the thermalization of spectral distortions at high redshifts. Especially for large energy
injections non-linear effects become very important and a full solution of this problem has to
be performed numerically. Due to non-linear effects we expect that corrections exceed the 10
percent level. This may significantly tighten the constraints on the allowed amount of energy
injected at z > 2 x 106,



Conclusions

We derived the changes to the SZ cluster brightness, flux and number counts induced by the
motion of the Solar System with respect to the CMB rest frame (Chapt. 2). Since both the
amplitude and direction of this motion are known with high precision it is easy to take these
changes into account in the analysis and interpretation of future SZ data. The corrections to
the SZ cluster brightness and flux have a similar spectral dependence and amplitude as the first
order velocity correction to the th-SZ. Since the motion-induced cluster signal can contribute
~ 10% of the k-SZ it might be necessary to take it into account in future high precision CMB
surveys, dedicated to accurately measuring the line of sight component of the cluster peculiar
motions. Furthermore, we have shown that the dipolar asymmetry induced in the SZ cluster
number counts in contrast to the counts of more conventional sources can change polarity
depending on the observational frequency (see Sect. 2.3.3). This behavior is due to the very
specific frequency dependence of the SZ effect. Our estimates show that frequencies around the
crossover frequency of the ~ 217 GHz and in the range ~ 400 — 500 GHz are most promising
for a detection of this motion-induced number count asymmetry.

We have discussed in detail the spectral distortions arising due to the superposition of black-
bodies with different temperatures in the limit of small temperature fluctuations (Chapt. 3).
The superposition leads to y-distortion with y-parameter yg = <52> /2, where <52> denotes the
second moment of the temperature distribution function, if the difference in temperatures is
less than a few percent of the mean Rayleigh-Jeans temperature. We have shown that in this
limit even comparing two pure blackbodies leads to a y-distortion. The results of this derivation
were then applied to measurements of the CMB temperature anisotropies with finite angular
resolution and in particular to the CMB dipole and its associated spectral distortions, but in
principle the method developed here can be applied whenever one is dealing with the super-
position of blackbodies with similar temperatures. We have shown that taking the difference
of the CMB intensities in the direction of the maximum and the minimum of the CMB dipole
leads to a y-distortion with y-parameter y = 3.1 - 1075, This value is 12 times higher than the
y-type monopole, y = 2.6 - 10~7. Since the amplitude of this distortion can be calculated with
the same precision as the CMB dipole, i.e. 0.3% today [51], it may open a way to use it for
calibration issues and to check the response of the detectors on small level signals. The main
obstacle for measuring and utilizing the effects connected with the superposition of blackbodies
is the lack of knowledge about both the spectral and spacial distribution of foregrounds, but
given the fast progress in experimental technology and the increasing amount of data available
there may still be a way to separate all these signals in the future. In any case, for upcom-
ing CMB experiments spectral distortions arising due to the superposition of blackbodies, the
effects of foregrounds and correlated noise should be taken into account simultaneously and
self-consistently. As we discussed, an alternative source for calibration issues in the future may
be clusters of galaxies, especially for experiments covering only small fractions of the sky.

As a first step towards an inclusion of relativistic corrections into the thermalization prob-
lem, in Chapter 4 we have studied the full kinetic equation for the time evolution of the
photon phase space density under double Compton scattering. We included both the creation
of new photons at low frequencies and the redistribution of photons at high frequencies. We
have shown that the double Compton emissivity strongly decreases with higher mean energy
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of the initial photons leading to a suppression of the total number of newly created photons as
compared to the non-relativistic limit. On the other hand boosting leads to an enhancement
of the double Compton emissivity the higher the electron temperature becomes. Furthermore,
an expression for the effective double Compton Gaunt factor has been derived and shortly dis-
cussed in comparison with the full numerical results (Sect. 4.5.1). We have argued that at least
in situations close to thermodynamic equilibrium the evolution of the high frequency photons
is not significantly affected by double Compton scattering, but a more detailed study should
be undertaken to include cases far from equilibrium. Simple and accurate analytic expressions
for the low frequency double Compton scattering emission coefficient of monochromatic initial
photons (Sect. 4.4; in the most general situation see Eq. (4.45)) and in the case of Planck,
Bose-Einstein and Wien spectra were given (see Sect. 4.5.4). We discussed in detail the double
Compton emission for monochromatic initial photons and in the soft photon limit for an incom-
ing Planck spectrum, but expect that our main conclusions also hold for Bose-Einstein, Wien
and more general photon distributions. For more general incoming photon distributions two
analytic approximations for the low frequency double Compton emission coefficient, equation
(4.57) as a direct expansion up to fourth order in temperature and (4.58a) as a inverse ap-
proximation, were deduced, which in combination should describe the full numerical results to
better than 5 % in a very broad range of temperatures and involve only 1-dimensional integrals
over the photon distribution and its derivatives (see Fig. 4.21 and Sec. 4.5.6 for discussion). If
the photons and the electrons have similar temperatures, which is the case in most physical
situations close to equilibrium, especially in the context of the thermalization of CMB spectral
distortions, then the inverse formula (4.58a) may be applicable up to k7T ~ 100keV with an
accuracy of better than a few percent. Since only first order corrections are necessary for this
inverse formula (4.58a), it it generally more suitable for numerical applications.

In the last Chapter we have reexamined the formulation of the thermalization problem
including relevant relativistic corrections (such as corrections to Compton scattering, double
Compton scattering and the heat capacity of the electrons). Likely, the main corrections arise
due to the decrease in the double Compton photon production efficiency for higher tempera-
tures. This should slow down the process of thermalization at high redshifts (z > few x 10)
and therefore make the CMB spectrum more vulnerable for large distortions even beyond the
thermalization redshift z ~ 2 x 10%. A full numerical solution of the problem was not obtained
yet. Furthermore we have studied the thermalization of small chemical potential distortions at
high redshift, where one expects the largest effects due to relativistic corrections. We obtained
analytic approximations for the residual high frequency chemical potential in the case of single
energy injection and for heating by annihilating and unstable particles, including relativistic
corrections to Compton and double Compton scattering. Our results show that temperature
corrections to Compton scattering are less important (roughly a factor of 4) than double Comp-
ton relativistic corrections, but a conclusive examination requires the inclusion of non-linear
effects, possible temperature differences between the electrons and photons (especially for large
distortions) and deviations from quasi-equilibrium (especially at lower redshifts). Therefore one
has to await a full numerical solution of this problem. Let us note that in the limit of small
distortions we have already confirmed the results for single energy injections including double
Compton corrections numerically. We conclude that relativistic corrections to double Compton
and possibly to Compton scattering may significantly slow down the thermalization of spectral
distortions at high redshifts. Especially for large energy injections non-linear effects become
very important and a full solution of this problem has to be performed numerically. Due to
non-linear effects we expect that corrections exceed the 10 percent level. This may significantly
tighten the constraints on the allowed amount of energy injected at z > 2 x 106.



Appendix A

Relativistic Maxwell-Boltzmann
distribution

In this Chapter we shall summarize some of the most important properties of a relativistic
Maxwell-Boltzmann distribution for particles of species i in an isotropic plasma. Although
most of the material presented here can be found in standard textbooks, the relations and
approximations given here will be of great use in the discussion of the kinetic equation of DC
scattering and the thermalization of spectral distortions of the CMB in the early universe.

A.1 Number and phase space density

The number density N; of a gas of particles of species i is defined by the integral

N; = (257)3/0 A p? fi(p) dp (A.1)

over the phase space density fi(p), where g; gives the number of spin states (v, e, H, He:
g = 2; v: g = 1). For Fermions the general phase space distribution can be written in the
form fi(g) o< 1/[e(ctM/% 1 1], with chemical potential p. Here € = E/m;c® = \/1 + 7?2 is the
relativistic energy E in units of the rest mass, m; ¢, of the particles with 7 = p/m;c and the
dimensionless temperature, 6; = kT}/m; c?, of the gas.

When the gas in non-degenerate (IN; < 1) Fermi-blocking becomes negligible and thus
Maxwell-Boltzmann statistics is applicable. In this case the distribution of the particle mo-
menta p is given by fi(p) o< e~¢/%. Inserting fi(p) = A- e~ /% into (A.1) one can deduce the
corresponding normalization A (for some details see Appendix A.5). In a relativistic Maxwell-
Boltzmann gas the phase space density then is described by the distribution function

)\3 Nl 76/91

filp) = ;1 m e ) (A.2)

where A\; = h/mj c is the Compton wavelength of the particle of species i. Furthermore Ko(x)
is the modified Bessel function of second kind [1].

A.2 Low temperature expansion of the relativistic Maxwell-
Boltzmann distribution

In the case 0; < 1 a Maxwell-Boltzmann gas becomes non-relativistic. For a given species of
particles this happens at higher temperatures (i.e. earlier times in the history of the universe)
the bigger their mass m; is. Therefore in the history of the expanding universe electrons stay
longer relativistic (up to redshift z ~ 10® — 10%) than for example protons (z ~ 10! — 10'2).
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The low temperature expansion of (A.2) leads to

N, e $§ 15 1 345 15 1 1
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YL (e > Bl i S S Py 1 A3
1 (1024 56° 6% e Tt 48£> (A.3)
Lt (98355 328562  345¢°  855¢'  13¢€° N 5160 &7 N &
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with &€ = n?/26; and n = p/m; c.

A.3 Energy density and pressure

The energy density p; and pressure P, of a gas of particles of species i are defined by the
integrals

Ji o
pi = ) /0 47 E p* fi(p) dp (A.4a)
o] 2.2
gi pc

Inserting the phase space density (A.2) the results

pPi = my 02 ]V'1 F(@l) (A.5a)
P =N kT, (A.5b)

can be found (for details see Appendix (A.5)). Here the function F'(6;) is defined by

Ky(1/6:)

where K(z) is the modified Bessel function of first kind [1]. As equation (A.5b) shows a
relativistic Maxwell-Boltzmann gas has the same equation of state as a non-relativistic, ideal
gas. For low temperatures (6; < 1) by expanding (A.6) one finds the expression

3
2

Nikﬂ[1+291—§92+4—59§+1—2014]+(’)(Gi6) (A7)

2
i =mic” N i
pi=mic + 1% T e

In the non-relativistic case this reduces to p; = m; c® N; + % N kT;.

A.4 Heat capacity

The specific heat capacity for constant volume cy is defined by Njcy = dp;/dT;. Using (A.5a)
one may find

oy =k dr) _ [3+ K5(1/6:) [K1(1/6:) + K2(1/6;)] — K1 (1/6;) [K1(1/6;) + K3(1/6;)]
dé; 2 0; Kg(l/ei)
zgk[l—f—gﬁi—?ﬁf—l—?—gﬁ?—i—z—gﬁf +O(6°). (A.8)

In the non-relativistic limit this reduces to cy = %k for an ideal gas.
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A.5 Solving integrals over the relativistic Maxwell-Boltzmann
distribution

To find the normalization of a relativistic Maxwell-Boltzmann distribution one has to solve the
integral of the form

A-gi (%, 2 T p/micr /e
(27Th)3/0 drpe dp. (A.9)

Here one can use the substitution p/m; ¢ = sinh(x). With this integral (A.9) reduces to

A 4w g (mye)?
(2mh)3

/ sinh?(z) cosh(z) e~ “h(@)/0 qg (A.10)
0
The solution of the integral then can be found by comparison with
/ sinh(y z) sinh(z) e * <@ dy = L K (1/u) (A.11)
0 u

From this it follows that the normalization of the relativistic Maxwell-Boltzmann distribution
of particles is given as

A3 N,

1

= I K (166 (A-12)

where \; = h/m;c is the Compton wavelength of the particle and Nj is the number density.

To solve the integrals (A.5a) and (A.5b) for the energy density and the pressure of a
relativistic Maxwell-Boltzmann gas one again can use the substitution p/m;c = sinh(x). This
then leads to integrals of the form

/ sinh(2z) sinh(2z) e~ @) g (A.13a)
0
/ sinh?(z) e <sh@) qg (A.13Db)
0
The first one may be solved by the identity cosh(z)e™ cosh(z) — _g, e~ucosh(®) and inter-

changing the derivation and integration, whereas the second can be solved by the replacement
sinh?(z) = 1 + cosh?(z) and the solution of the first one.
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Appendix B

Relations for the photon phase
space distribution

Any isotropic photon phase space distribution or occupation number can be written in the form

1
cotn@) _ 1’

n(x) = (B.1)
where x = hv/k T, is the dimensionless frequency and p(x) is the dimensionless and frequency
dependent chemical potential. Here the photon temperature 7', should be regarded as a param-
eter describing the energy density of the photon field (see Sect. B.2).

From (B.1) one can immediately write down the value of the chemical potential and the

brightness temperature

u(2) :1n<1+”> . (B.2a)

n
T
Ti(z) = —L— B.2b
@) = T (B.2b)
for any kind of spectrum. For p(x) = 0 one obtains the occupation number for Planckian

photons and for u(x) = po = const equation (B.1) represents a Bose-Einstein distribution,
which in the limit of g > 1 becomes a Wien distribution. We will now summarize some of the
most important relations for n(z) and quantities like its number and energy density, pressure
and effective temperature.

B.1 Pressure, energy and number density

In Chapter A we have given the definitions of the number density (A.1l), the energy density
(A.4a) and pressure (A.4b) of a gas of particles. For photons using p = E//c = hv/c and g, = 2
one can easily find

Nﬁ{ = I{ﬁ/ 9,?; . g271 (B3a)
Py = Mec? Ky Hi -G31 (B.3b)
Py =py/3, (B.3c)

with the dimensionless temperature 6, = kT, /mec? and r, = 8w A;3 & 1.7595 x 103 cm ™3,
where \e = h/mec = 2.426 x 1071%cm is the Compton wavelength of the electron. We also
made use of the definitions (D.14) for G; ;.

In the case of Planckian photons, npi(z) = 1/(e” — 1), the integrals G;; are given by
gg’}l ~ 2.4041 and g;ll ~~ 6.4939 and their ratio g?ﬁg/g;g ~ 2.7012. In the more general case
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one has to evaluate these numerically. For small chemical potential |u| < 1 one can introduce
the approximation

n &~ np; + p(x) - Oznpy = npy — np[l + npy] - p(x). (B.4)

Now, introducing the number Np; and energy density pp; for Planckian photons, one can find
that the corresponding energy and number density in this limit are given by p, = pp; - f,, and
N, = Npj - ¢, respectively, where the functions f, and ¢, were defined as:

3, [1p 1
_ 1 35 113 B.5
f,U« _[3 [_[2 + 3 _[2 ( a)
or; [t 11V
R B.5b

with the integrals I; = fooo ' npdz, Iig(x) = fooo 2 g(x)npydz and p/ = Opp. Here 3I5/13 =~
1.111 and 2I;/I; ~ 1.368. Similar expression where given by Sunyaev & Zeldovich [126] and
INlarionov & Sunyaev [65], assuming constant y, i.e. I = pI; and II' = 0.

B.2 Effective temperature

For any photon field with given energy density p, one can define the effective temperature Teq:

kT i
eff Py
= ) B.
MeC? [ﬂy gg’g] (B6)

The effective temperature corresponds to the thermodynamic temperature of a blackbody with
total energy density pp; = p,. In the definitions (B.3) we have used the temperature T, as a
parameter to describe the photon field. Inserting (B.3b) into (B.6) one can obtain the relation

1/4
93,1]

o2 B.7
i} o

Teﬁ = T’y

between these two quantities.

Note that in numerical applications one can principally chose any 7', to characterize the
photon distribution. Of course in this case the integrals G;; change accordingly, since the
number and energy densities should not depend on this choice. This usually introduced an
artificial frequency dependent chemical potential.

B.3 Useful relations between n(z, u(z)) and its derivatives din

Using (B.1) one can easily derive the partial derivatives of the occupation number with respect
to x. Here we present these relations up to third order derivatives. One may find:

dgn=—n(n+1) [1+ 4] (B.8a)
Pn=4nn+1) [2n+1) - (1+pu)* — 4] (B.8b)
PBn=—-n(n+1) [(6n(n+1)+1)-(1+ )3 =32n4+1)- (1 + p)y" — "] (B.8¢c)

where prime denotes the derivative with respect to x.



Appendix C

Collection of analytic
approximations for the Compton
scattering kernel

In this Chapter we give some of the analytic approximations which were of great use in the
discussion and numerical implementation for the DC emission kernel.

C.1 Compton kernel for cold electrons

The full expression for the Compton kernel of cold electrons can be derived in a similar way as
is presented in Pozdnyakov et al. [100] in lowest order of wg = vg/me. It follows

wpkK1

3 o1 Ne 2A A? A% I 307N, V1 — 2
=2 g2, 2 L2 r2 1 C.1
Polvo = 11) 8 wi wo * 1+ A + wi 8 w? + Vo » (C1)

with A = "OV;I"I This expression is valid in the frequency range vo[1—21vy/(1+21p)] < 11 < wp.

C.1.1 Normalization, mean energy and dispersion of the Compton kernel
for cold electrons

With (C.1) and similar definitions as (4.21) one may obtain

3 0rNe [2[2+wo(l+wo)(8+wo)] 2+ wo(2—wo)
= - — In(1 4+ 2
Np,.cs 8 w2 { (1 2w0)? o n(1 4+ 2wq)
o 2
& or N, [1 — 2w+ & wg} (C.2a)
- B 3 orNe [In(1+2wp) 6+ 2wo[15+ 2w (9 — wo[3 + Bwo))]
PO S T S Nppcs w2 w0 3(1 + 2wp)?
o 11
~ 1—wo+ 5 wg (C.2b)
o2 _ o1 Ne 2+WQ[8+MQ(14+9Q)0)] a2
P(),CS ./\/'PO’CS 2(1 + 2w0)4 PO,CS
w1
3 = W2, (C.2¢)

Here it is important to note that the integrations over dr; were carried out in the range
Vo[l — 21/0/(1 + 2V0)] < <.



126 COLLECTION OF ANALYTIC APPROXIMATIONS FOR THE COMPTON SCATTERING KERNEL

C.2 Compton kernel for thermal electrons

Sazonov & Sunyaev [113] gave an expression (Eq. 19a in that paper) for the Compton kernel in
a hot, isotropic medium, which is applicable in the range hvo(hvg/mec?) < kTe < 25keV and
hvy < 50keV. More analytic approximations for the Compton kernel in different limits may be
also found in Sazonov & Sunyaev [113] and references therein.

C.2.1 Normalization, mean energy and dispersion of the Compton kernel
for thermal electrons

In this case we use the approximations for the moments given by Sazonov & Sunyaev [113] (see
Eq. 25 therein) and definition of the mean energy and dispersion similar to (4.21). From this
it follows

44 63

53
NP,CS%UTNe 1—2w0—€w096—meg+%w0 (C.Ba)
31 11
ﬁ)p’cs%14—496—%1002—&)0—70)0964-?0)8 (C3b)
66 2
opcs ~ 20e + 3107 — —wolet+ ¢ wg , (C.3c)

In our numerical integrations we used o2 & [2+ 31 6,6, to estimate the width of the DC kernel
and the range of integration for the number and energy densities of the DC emission spectrum.



Appendix D

Double Compton scattering

D.1 Squared matrix element for double Compton scattering

In order to write down the DC differential cross section one has to calculate the squared matrix
element |M|? describing the DC process. This calculation was first performed by Mandl &
Skyrme [81]. In the book of Jauch & Rohrlich [69] one can find the expression for the squared
matrix element of the double Compton process (pp. 235):

X=2(ab-c)[(a+b)(2+2)—(ab—c)—8] =2z [a®* +b*] =2 [ab+c(l—2)]p
(1-—1x) z)]’ (D.1)

—E§c+4—m (A+B) (14+z)+2>2(1-2)+22—(aA+bB) <2+

AB

x

where the following abbreviations have been used

1 1 1 1 1 1 1 1 1
a=—+—+ — b=—+—+— c= -+ -+ ; (D.2a)
T = Ko+ K1+ Ko 2 = Ko K + K1 K] + Ko Kb (D.2b)

/ /
A = Ko K1 K2 B = k{, K} K} p=—F+—+—F+—+—F+—=. (D.2¢)

For the definitions of ;, s} we used those of the original paper from Mandl & Skyrme [81]:

mg R = —P- Ko mg K1 = +P - Kl mg Rg = +P - K2 (D.Ba)
m? k= +P - Ky m2 k) = —P' - K, m2 Ky = —P - Ky, (D.3b)
with the standard signature of the Minkowski-metric (+ — — —). Assuming that the outgoing

photon K5 is soft as compared with K7 one can expand X into orders of the frequency wy and
keep only the lowest order term, i.e. terms of the order O(wy 2). Similar expansions for the
limits wg < 1 and 8 < 1 can be performed. Since the results of these expansions are extremely
complex and not very illuminating, we omitted them here.

D.2 Numerical solution of the Boltzmann integrals

In order to solve the Boltzmann integrals we implemented two different programs, one based on
the NAG routine DO1GBF, which uses an adaptive Monte-Carlo method to solve multidimensional
integrals, the other using the VEGAS routine of the CUBA Library! [55]. The latter turned out to

'"Download of the CuBA Library available at: http://www.feynarts.de/cuba/
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be much more efficient since it significantly benefitted from importance sampling. The expense
and performance of the calculation critically depend on the required accuracy. For most of the
calculations presented here we chose a relative error of the order of € ~ 1073,

Since at high frequencies the DC spectra (especially for the conditional DC kernel) have
rather complex structure we also implemented an adaptive mesh refinement scheme to decrease
the amount of actually calculated points to a minimum and obtained the rest by polynomial
interpolation. Still a couple of tens to hundreds points were typically necessary for an accurate
representation of the DC emission spectrum in the full frequency range. The typical time the
calculation for one spectrum took was a few hours on a 2.8 GHz processor, for high temperature
cases even up to one night. In order to compare the numerical with the analytical results in
some cases even accuracies up to € ~ 10~* were necessary, making the integration extremely
hard and time consuming.

Treatment of the infrared divergence

The calculation was further complicated by the appearance of the infrared divergence at low
frequencies. Choosing a lower frequency cutoff, vo min, we assumed that in any event the energy
of the scattered photon K; had to be larger than this lower cutoff, i.e. v1 > v9 pin. Especially
for high frequencies vy of the emitted photon, i.e. when it was energetically playing the role
of the scattered photon, this significantly decreases the accessible phase space volume for K.
In calculations we always made sure that the chosen parameters lay within the allowed phase
space volume by checking their consistency with the energy and momentum equation (4.6a)
and (4.6b). Here one point is very important. Since Xy = (P + Ko — K») - K; = P' - K, for
allowed interactions should always be non-negative also X1 = P - Ky — P - Ko — Ko - K9 has
to fulfill the same condition. Although for ¥; < 0 A X5 < 0 it still follows that 0 < w; the
4-vector P’ would lie outside the light-cone and therefore violate causality.

Integration over the electron momenta

In oder to restrict the integration region over the electron momenta for low electron temperature
we determined the maximal Lorentz factor, vymax, such that the change in the normalization of
the electron distribution was less than a fraction of the required accuracy. Furthermore, instead
of p we used the variable & = n?/20, with n = p/me.

For high electron temperature it turned out to be more efficient to use the normalization
of the electron distribution itself as a variable. For this we defined

x

N = [ AT L m) dy. (D.4)
1

which for x — oo becomes N = N,. For calculations one now had to invert this equation

and find the function z(N'). This was done numerically before the integrations were performed

for a sufficiently large number of points (n ~ 512), such that the function x(N) during the

integrations could be accurately given by spline interpolation.

Domains of integration for the photons

Using energetic arguments one can obtain constraints on the allowed range of photon frequen-

cies. Since the energy of the scattered photon should be non-negative, the condition 0 < wq leads

to different regions of integration. To obtain these regions one should consider the inequality
YwoAo — wa[yA2 +woaz] _ Xy

0< = —, D.5
T YA Fwoapr — waan2 b (D-5)

where we used the abbreviations \; = P K; and Qi = f(lffj Since Y9 = (P+ Ko — K>) K =
P’ K7 > 0 for allowed interactions should always be non-negative the quantities 3; have to
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fulfill 1 > 0 A X9 > 0 in order to satisfy (D.5) and causality. Therefore one can define the
frequencies wa x,

o = YwoAo o, = VA1 + woapr (D.6)
T A 4 woape 2 12 ’ ’

for which Zi’w:wz,zi = 0 is fulfilled. This then lead to the interval
0 S w9 S min(wg,zl,wagQ) (D.7)

for integrations over dws. In calculations of moments of the DC kernel this condition signif-
icantly reduces the required phase space volume. Note that wsy, is equivalent to the energy
conservation equation for Compton scattering.

In calculations of the full Boltzmann collision integral for incoming distributions of photons
one has to integrate over dwy. For the reaction channels (4.1a) and (4.1b) again one can restrict
the range of integrations using (D.5). In this case the frequencies WSPEN for which the condition
i ap = 0 is fulfilled, can be defined as

wo=we X,
Ywa Ao b wor1a — YA1
wab — wa = - D.8
OX1 T 4Ny — waans 0,2 ap1 (D-8)
If we > yAg/ /a2 only X1 < 0 is possible for all values of wy. Therefore one finds
Ao .
we > — = no allowed region for wy (D.9a)
Qo2
w ’Y)‘O ab ab ab
9 < —a = maX(w07217w0722) S Wy - (ng)
02

Here one in principle may use the condition wy > v\g/ape to for example limit the range
of possible scattering angles 0ps. This then leads to an inequality of the form ai+/1 — ﬂ(2)2 >
as o2 + as, which has various solutions for different coefficients a;. In our calculations we did
not make use of this restrictions until now. Especially for large electron temperature (6, > 0.01)
and at high frequencies this will lead to a significant increase of efficiency.

For the reaction channels (4.1c) and (4.1d) the inequality

A2 — wo[yA >
0 < Jw2de = wolydo Fwran) _ B1 (D.10)
VAL + waar2 — wWoapy o
in a similar way as described above yields
Ywa A2 d waa12 + YA1
wid, = e Wiy, = ————— D.11
OZ1 ™ g + waape 0,22 ap1 ( )
and
0<wid < min(wgszl,wgfiEQ) . (D.12)

In actual integrations one would in addition introduce a lower and upper energy cutoff and
modify the equations accordingly. We have checked the correctness of the conditions obtained
above setting wmin < w < wmax, Where in the cases of kernel integrations we used the assumed
lower energy cutoff as wpyi, and a constant large value for wpax (this value was estimated
using the mean and dispersion of the Compton kernel and then multiplying it by a factor
of 20), of course with significant loss of efficiency, since many evaluations of the functions
were done outside the accessible phase space volume. For Planckian photons we typically used
Wmin = 1076 0, and wpax = 250,,.
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D.3 Results for the integrals I;’s up to O(6?)

Here the Ij, following from (4.55d) are given for the lowest order in frequency z. .

21 441 357 45 8379 9712
IO = |:1+9e<6— €$e> —|—9€2< 5— E e+§$g> +93<Z — Wﬁﬂe+—25 xz

7167158 g) 93 (—1%5 — % Te + 85568 acg — 3432581 :U;:’ + 21328 xé)] acg (D.13a)
I, = g&e[G—xe—FHe(%— %me—F%ﬁ) +0§<¥497 — %xe—i-%xg
00 ) (B 2 Ty )] o
_ 39 [1 Lo <1(2Jg gz N i 2) 92<60831 B 318924 _— 7;1)39 22
34290 3> e <4351;85 B 622380 - 18;4;07 2 4641924 3 8254054 x4>] £ (D130)
I = Eeg [8 a4 6, <2572716 B 1277752 _— 13&;0 2 %m§>
02 <413?20 B 48(75340 ot 1357)4;16 22 % . 2_70 x4>] 5 (D.13)
e[ (220 )
52 (48(75340 B 314;(7)00 - 24??82508 2 g 3, 25_1 x4>] 8 (D.130)
I; = o 93 [10 94% - % Te + 41965 o~ % x?’)] ! (D.13f)
Is = 105 92 { - 0e<5§25 % Te + 16615 2)] ) (D.13g)
= ﬁ 93 (12 — 2] 28 (D.13h)
Iy = 1; 01zl0. (D.13i)

The I}, are fifth-order or higher in 6, for £ > 8.

D.4 Integration over the frequency of the incoming photons

The integrals J; and Jy can be reduced analytically using integration by parts, assuming that
the incoming photon distribution and all its derivatives up to sixth order in x vanish faster than
212 for very high frequencies. The calculation is rather lengthy and is therefore not presented
here. The integrals J; can be expressed in terms of the following functions:

L= /xé n(n+1)dze = ¢'* /9”Z n(n+1)dz = ¢ I; (D.14a)
Gij = / wen! dwe = ¢! / w'nddr = ¢t G, (D.14b)
H, = i dn 2d o i+1-2j i n ? do = ¢i+1-20 3. . D.14

ij = xea—x‘g Te = ¢ x £y =0 ij (D.14c¢)

where n(z) is the photon phase space distribution and z = hv/k T, ze = ¢x and ¢ = 0. /6.
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With equation (4.54), collecting the different orders in 6., one can define the functions G;

in equation (4.56) as

Go =14 (D.15a)
_ 21 _ 7 —
G1=6Ts — = Gs1 — Mo (D.15b)
- 441 - 357 - 147 - 11 - - _
— 15T, — — O T — = - D.1
Gy 91y 0 51+ 25 6 0 He1 + 10 ['H&z 'H&l] ( 5¢)
45 _ 8379 _ 5712 — 7618 _ 2793 -
e b iy e
Gy = T a= g 9o+ 55 Lo = g 910 = =5~ Mo
+ o [560 Hg 2 — 1779 Hs 1 | o1 [H 3H10,2] (D.15d)
350 8,2 81] = 15 (M0 10,2 .
45 _ 3969 - 8568 - 34281 - 21498 - 1323 - 139161 -
Gy=——7, - 222 T — Ty — -
4 1 La 3 O51 + 5 Lo 3% Gr1+ 175 1s g e 110 8,1
- 2454 — 15704 - 96 - 11 - 11 - 11 -
132 Hg o — - et -2 - = - .
+ 132Hg 2 75 Hio,1 + T7E Hio,2 - Hio3 + 427'(12,2 - Hizs + o Hi2,4

(D.15e)

If induced scattering is negligible one has to drop the integrals ﬂi,j and replace Z; — Q_Zl This
is equivalent to setting J; = Jo = 0 and in addition replacing n(n + 1) — n in the definition of

the integral Jj.

In the derivation of the G; the following relations between the photon phase space distri-

bution n and the integrals 7;, G; ; and H; ; have been very useful:

()i

xiagnda::% —Gi_i1 D.16a
/ (=" (D-162)
m o gnde = L ™ D.16b
" noyn m——imgmflz (D.16b)
1 m)!
m 2 _
/:U ndindr = —|—§ (= 2)!Qm72,2 — Hm1 (D.16¢c)
1 m)! 3 m!
m 3
- - _ """ o " Mo D.1
/m ndyndx 5 (m—3)!g’” 32 5 (m_l)!Hm 1,1 (D.16d)
1 m! m)!
m 4
/:c ndyndx +2 (m—4)!g 4,2 7(7”_2)!7'[ 21+ Hm,2 (D.16e)
1 m)! 5 m! 5 m!
m 5
dor = — m— o m— — m— D.16f
/:U ndndz 5 (m_5)!g 52t 5 (m—3)!H 3175 (m = 1)!7'( 1,2 (D.16f)
1 m)! m)! 9 m!
m 6 _ - DR o _
/w ndgndr = +2 (m — 6)!gm_6’2 3 (m— 4)!Hm_4’1 + 2 (m— 2)!Hm_2’2 Hona

(D.16g)
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Appendix E

Summary of useful relations in the
cosmological context

In this Chapter we summarize some of the equations and relations, which have been used in
the derivations of the thermalization of small chemical potential distortions in the cosmological
context. Most of these equations can be found in standard textbooks [108, 94, 93] and have
only been given here to clarify the notation and to guide the reader.

Here we also explicitly give the expressions for the values of the WMAP concordance model
(a more complete list of parameters including error bars can be found in Bennett et al. [11]):
Y, = 0.2485 (this value was taken from Cyburt [41]), Q,h? = 0.135, Q,h? = 0.0224, h = 0.71
and Ty = 2.725K, where Y}, is the primordial mass fraction of helium, Q,,h% and Q,h? are the
total matter density and baryon density of the universe, respectively, and T| is the temperature
of the CMB today. We use the definition h = Hp/100km s~* Mpc™!, where Hy is the Hubble-
parameter at redshift z = 0.

E.1 Electron, hydrogen and helium number densities

The electron, hydrogen and helium number densities, due to the fact that the universe as a
whole is neutral, can all be related to the baryon density Ny, which is defined as

pe/h2 (14 2)°
[me (1 —Y5/2) + myp (1 — Y/2) + my (Yy,/2)]

~  1.1225-107° Qph? (14 2)>ecm ™3

Ny = h? (E.1a)

WwMaApP
L 25144107 (14 2)% em™.

Here me, my and m, are the electron, proton and neutron rest mass, respectively, and the
critical density of the universe is given by
3H?
Pe = 3r
With this one can write down the electron, N, hydrogen, Ny, and helium, Ny, number densities
using the Helium mass fraction, Y,:

~ 1.8788 x 107 % h2%g cm 3. (E.2)

Ne= (1= Yp/2) xe Ny (E.3a)
Ng=(1-Y,) Ny (E.3b)
Nye = (Yp/4) Ny, (E.3¢)
where ¥, is the ionization fraction of the hydrogen and helium atoms. At high redshifts (z > 10%)

the ionization fraction is ye = 1, but as helium and hydrogen recombination at low redshifts
(800 < z < 10%) proceeds it drops very fast toward zero and only increases again at low redshifts
(z <20 — 100) when reionization by the first sources occurs.
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E.2 Photon energy and number density

The photons in the universe are very close to Planckian and therefore the energy and number
densities are completely fixed by the temperature 7.,. With (B.3) and T, = Ty(1 + z) for the
photon energy density it follows

py A 4911 x 1077 03 ;mec? (1 + 2)*em ™3 (E.4)
~ 4474 x 10734 05 . (14 2) gem ™3,
where we defined O 7 = T,/2.7K. Similarly for the photon number density one obtains
N, ~399.3 x 037 (1+2)%ecm™. (E.5)
With equation (E.la) one finds
Ny _ _
~ = 2811 x 10 S Ouh? 057 (E.6)
g

for the baryon to photon ratio. In the WMAP concordance model Ny,/N,, ~ 6.125 x 10719,
This huge difference in the number of photons and baryons is normally referred to as the large
entropy of the universe.

E.3 Time scales

In this Section we shall give some of the most important timescales and their scaling with
redshift and the adopted parameters of the underlying universe, which are involved in the
description of the thermalization of CMB spectral distortions. Similar expressions can be found
in Hu [62].

Expansion time tc, = 1/H

The expansion rate of the universe is determined by the Hubble parameter H, which depends
on the energy densities of the photons, neutrino species, matter and dark energy. Assuming
spatial flatness and neglecting the A-term (which only becomes important very low redshifts)
one can write

tep =  6.32x 10 572052 [14 (14 2eq)/(1 + 2)] Y2 (1 4+ 2) 25 (E.7)
z>>lzeq
= 488x 109052 (1+2)%s
z<Kzeq

L 3.08 x 107 (Quh?) V2 (1 4 2)73/25,

where k = 1 + N, (7/8) (4/11)*/3 =~ 1.68 is effective number of spin states, with N, being the
number of relativistic neutrino species. Here the redshift of matter and radiation equality is

Zoq = 4.20 x 10 57 k71 QA2 . (E.8)

For the standard WMAP concordance model one obtains zeq =~ 3.25 X 10% and in the limit
2 < Zeq the expansion time tey, &~ 8.38 x 1017 (1 + 2)73/2s,

Compton scattering time tc = 1/o7 N, ¢
Using the expression (E.la) for the baryon number density one finds
to A~ 446 x 108 1 (1Y, /2) 7 (Quh?) (1 +2) s, (E.9)

which for the standard WMAP concordance model is t¢ = 2.27 x 1029 y;1 (1 + 2)3s.



E.3 TIME SCALES 135

Comptonisation time tx = tc/40e = tey
The time scale for energy being transfered form the electrons to the photons is given by

tk =~ 245 x 1077051 oxot (1 - Yyp/2) 7 (Wh?) (14 2) s, (E.10)
where we used ©27 = Tp/2.7K and ¢ = T, /T.. For the standard WMAP concordance model
we have: tg ~ 1.24 x 10¥ ¢ x; 1 (14 2)7*s.
Cooling time for Electrons t.. = a*tc/4p,

The time scale, on which the electrons (and baryons due to Coulomb interactions with the
electrons) adjust their temperature in a given photon field is given by

te ~ T.65x 10057 € (1 +2)7 s, (E.11)

where we defined {oo1 = @*/3 Ne. If one assumes Y, = 1/4 and x, = 1 then in the non-
relativistic case &coo1 = 27/28. For the standard WMAP concordance model we have (x. = 1):
tey = 7.11 X 101 (1+ z)_4 s. Due to the large entropy of the universe t,e < te,. For ¥, =0 it
follows that tye = 3xemec/8 0T poy.

Coulomb cooling time ¢,

The time needed for protons to transfer energy to the electrons is determined by [122, 124]

o= to [Tme g
be lnA\/;me><e

~ 498 x 100 ¢33\ (1 - Yo 2) " (h?) 1032 (14 2) 3%, (E.12)

for 6, < my,/me. Here In A ~ 20 is the Coulomb logarithm, which results from shielding of the
Coulomb force for large distances of the interacting particles. This time scale is always many
orders of magnitude shorter than any other time scale discussed here.
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ACBAR Arcminute Cosmology Bolometer Array Receiver [2]

Act Atacama Cosmology Telescope

AMr Arcminute MicroKelvin Imager [4]

APEX Atacama Pathfinder EXperiment [7]

ARCADE Absolute Radiometer for Cosmology, Astrophysics,
and Diffuse Emission [5]

BOOMERANG Balloon Observation of Millimetric Extragalactic
Radiation and Geophysics [22]

BS Bremsstrahlung

CBI Cosmic Background Imager [28]

CHANDRA Satellite Mission of NASA

CMB Cosmic Microwave Background

COBE Cosmic Background Explorer [38]

CS Compton Scattering

DAsI Degree Angular Scale Interferometer [42]

DIMES Diffuse Microwave Emission Survey [44]

DC Double Compton

DMR Differential Microwave Radiometer (COBE instrument)

FIrRAS Far Infrared Absolute Spectrophotometer (COBE instrument)

k-SZ kinetic Sunyaev Zeldovich (effect)

LSS Last Scattering Surface

MAXIMA Millimeter Anisotropy eXperiment IMaging Array [85]

PLANCK Satellite mission of the European Space Agency [97]

RJ Rayleigh-Jeans

SPT South Pole Teloscope

SZ Sunyaev Zeldovich (effect)

th-SZ thermal Sunyaev-Zeldovich (effect)

WMAP Wilkinson Microwave Anisotropy Probe [137]

Vsa Very Small Array [138]
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