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Spectacular observational breakthroughs by recent experiments, and particularly the
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discovery.
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with the observational background of modern cosmology, they provide an up-to-date
and accessible review of this fascinating yet complex subject. Topics discussed include
the kinetics of the electromagnetic radiation in the Universe, the ionization history of
cosmic plamas, the origin of primordial perturbations in light of the inflation paradigm,
and the formation of anisotropy and polarization of the CMB.
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PAVEL NASELSKY is a research scientist and associate professor at the Niels Bohr
Institute and at the Rostov State University, Russia. He has written over 100 papers on
CMB physics and cosmology, and has taught an advanced course on ‘Anisotropy and
polarization of the CMB’. He is a member of the ESA technical working group of the
PLANCK project.

DMITRY NOVIKOV is an astronomer and research associate at the Astrophysics Group
of Imperial College London and also a research scientist at the Astro Space Center of the
P. N. Lebedev Physics Institute, Moscow. His main research interests and publications
are in cosmology and astrophysics.

IGOR NOVIKOV is a professor at Copenhagen University and was Director of the The-
oretical Astrophysics Center prior to its transfer to the Niels Bohr Institute. He is also
a research scientist at the Astro Space Center of the P. N. Lebedev Physics Institute,
Moscow. His main research has been on gravitation, physics and astrophysics of black
holes, cosmology and physics of the CMB. He has been actively involved in the theory
of the anisotropy of the CMB and development of the theory with applications to the
observations from space- and ground-based telescopes.



10.

17.

18.

19.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Cambridge Astrophysics Series

Series editors

Andrew King, Douglas Lin, Stephen Maran, Jim Pringle and Martin Ward

Titles available in this series

Spectroscopy of Astrophysical Plasmas
edited by A. Dalgarno and D. Layzer

Quasar Astronomy
by D. W. Weedman

Molecular Collisions in the Interstellar Medium
by D. Flower

Plasma Loops in the Solar Corona

by R. J. Bray, L. E. Cram, C. J. Durrant and R. E. Loughhead

Beams and Jets in Astrophysics
edited by P. A. Hughes

Gamma-ray Astronomy 2nd Edition
by P. V. Ramana Murthy and A. W. Wolfendale

The Solar Transition Region
by J. T. Mariska

Solar and Stellar Activity Cycles
by Peter R. Wilson

3K: The Cosmic Microwave Background Radiation

by R. B. Partridge

X-ray Binaries

by Walter H. G. Lewin, Jan van Paradijs and Edward P. J. van den Heuvel

RR Lyrae Stars
by Horace A. Smith

Cataclysmic Variable Stars

by Brian Warner

The Magellanic Clouds

by Bengt E. Westerlund

Globular Cluster Systems

by Keith M. Ashman and Stephen E. Zepf
Accretion Processes in Star Formation

by Lee W. Hartmann

The Origin and Evolution of Planetary Nebulae
by Sun Kwok

Solar and Stellar Magnetic Activity

by Carolus J. Schrijver and Cornelis Zwaan
The Galaxies of the Local Group

by Sidney van den Bergh

Stellar Rotation

by Jean-Louis Tassoul

Extreme Ultraviolet Astronomy

by Martin A. Barstow and Jay B. Holberg
Pulsar Astronomy 3rd Edition

by Andrew G. Lyne and Francis Graham-Smith

Compact Stellar X-Ray Sources

edited by Walter H. G. Lewin and Michiel van der Klis
Evolutionary Processes in Binary and Multiple Stars

by Peter Eggleton



THE PHYSICS OF THE COSMIC
MICROWAVE BACKGROUND

PAVEL D. NASELSKY

Niels Bohr Institute, Copenhagen and the Rostov State University

DMITRY I. NOVIKOV
Imperial College London and the P. N. Lebedev Physics Institute, Moscow

IGOR D. NOVIKOV

Niels Bohr Institute, Copenhagen and the P. N. Lebedev Physics Institute, Moscow

Translated by Nina Iskandarian and Vitaly Kisin

5 CAMBRIDGE

XA

@}/ UNIVERSITY PRESS



CAMBRIDGE UNIVERSITY PRESS
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, Sao Paulo

Cambridge University Press
The Edinburgh Building, Cambridge cB2 2ru, UK

Published in the United States of America by Cambridge University Press, New York

WWW. cambridgc. ()fg

Information on this title: www.cambridge.org/9780521855501

© P. D. Naselsky, D. I. Novikov and I. D. Novikov 2006

This publication is in copyright. Subject to statutory exception and to the provision of
relevant collective licensing agreements, no reproduction of any part may take place
without the written permission of Cambridge University Press.

First published in print format 2006

ISBN-13  978-0-511-24124-6  eBook (EBL)
ISBN-IO  0-§1I-24124-0 eBook (EBL)

ISBN-13  978-0-521-85550-1  hardback
ISBN-IO  0-521-85550-0 hardback

Cambridge University Press has no responsibility for the persistence or accuracy of URLs
for external or third-party internet websites referred to in this publication, and does not
guarantee that any content on such websites is, or will remain, accurate or appropriate.


http://www.cambridge.org
http://www.cambridge.org/9780521855501

The evolution of the Universe can be compared to a display of fireworks that has just ended:
some few wisps, ashes and smoke. Standing on a well-chilled cinder, we see the slow fading
of the suns, and try to recall the vanished brilliance of the origin of the worlds.

Abbé George-Henri Lemaitre, the late 1920s
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Preface to the Russian edition

We wrote this book in 2001-2002. These years saw the launch and start of operations of the
American satellite WMAP (Wilkinson Microwave Anisotropy Probe), which began a new
stage in the study of the primordial electromagnetic radiation in the Universe. This stage
brought a qualitative change to the status of modern cosmology which, using a metaphor
suggested by Malcolm Longair, entered the phase of ‘precision cosmology’ in which the level
of progress in theory and experiment was so high that the interpretation of observational data
became relatively less urgent than the problem of measuring the most important parameters
that characterize the state of gravitation and matter as they were long before the current phase
of the cosmological expansion.

Paradoxically, the entire period of explosive development of cosmology happened virtually
within the last three decades of the twentieth century; however, it brought together thousands
of years of mankind’s attempts to comprehend the basic laws governing the structure and
evolution of the Universe. Regarded formally, this period coincided — although realistically it
was genetically connected — on one hand with the penetration into the mysteries of structure
of matter at the microscopic level and on the other hand with the sending of humans into
space and with progress in space technologies that revolutionized the experimental basis of
the observational astrophysics. One of the authors of this book (Igor Novikov) was involved in
the creation of the modern physical cosmology and remembers very well the hot discussions
raging in the ‘era of the 1960s and 1970s’ about the nature of the primordial fluctuations
that gave rise to galaxies and galaxy clusters, about the possible anisotropic ‘start’ of the
expansion of the Universe and about the ‘hidden mass’ whose status was for a long time
underestimated by most cosmologists. Another aspect that attracted huge interest was the
problem of pregalactic chemical composition of matter which was most closely connected
with the ‘hot’ past of the cosmological plasma and which highlighted for the first time the
paramount role played by neutrinos and other hypothetical weakly interacting particles in
the thermal history of the Universe; in a wider sense, though, it also connected with the
problem of the birth of life in the cosmos. Finally, a brief list of ‘hot spots’ of astrophysics
and cosmology since the late 1970s cannot avoid the eternal questions: How and why did the
Universe ‘explode’? What was the ‘first push’ that triggerred the expansion of matter? What
was there (if anything) prior to this moment? And how will the expansion of the Universe
continue to unfold?

We should add that working on answers to some questions has inevitably generated new
ones — for instance, was space-time always four-dimensional? Is it possible that we actually
face here manifestations of more complex topology of the space-time continuum and, among
other things, the existence of the yet unknown remnants of the early Universe, for example

xi



xii Preface to the Russian edition

primordial black holes or other mysterious particles? And so forth. These and a whole range
of other problems were reflected in the pioneer studies by Peebles (1971), Weinberg (1972,
1977), Zeldovich and Novikov (1983), and in some later works (see, for example, Kolb and
Turner (1989), Melchiori and Melchiori (1994), Padmanabhan (1996), Partridge (1995) and
Smoot and Davidson (1993)). Some of these problems acquired new status and took their
rightful places among the so-called ‘eternal’ problems of natural sciences that will excite
subsequent generations of cosmologists and will await the arrival of new Newtons, Einsteins
and Hubbles. As could be expected, some of the hypotheses failed the test of time and sunk
into the realm of the history of science, leaving behind a sort of monument to mankind’s
thinking. But a smaller fraction of hypotheses were verified experimentally and ascended
to the sanctum of science, having changed our comprehension of the Universe and of the
properties of space-time and matter.

One spectacular example of this sort of achievement of modern cosmology is the problem of
the origin of the primordial electromagnetic radiation, better known as the cosmic microwave
background (CMB), which covers the aspects of its spectral distribution, anisotropy and
polarization. This book is mostly devoted to discussing this range of problems; it was written
immediately after the completion of a number of successful ground-based and balloon exper-
iments closely connected with the satellite project COBE, which was successfully completed
in the mid 1990s. This project was preceded by a Russian project, RELIKT, that was the
first dedicated space mission for the investigation of the CMB anisotropy. The COBE mis-
sion became part of the history of cosmology not only as the first experiment that measured
the CMB anisotropy with the maximum angular resolution achievable at the time (about 7
degrees of arc), but also as an experiment that put an end to numerous discussions on the
possible non-equilibrium of the CMB spectrum and on its deviations from Planck’s law of
the blackbody frequency distribution of quanta predicted by the theory of the ‘hot Universe’.!

Metaphorically speaking, the post-COBE cosmology entered a new phase in its devel-
opment, switching from a search for, let us say, the most probable evolutionary ‘treks’ to
a detailed clarification of the causes of why one reliably established (within a certain time
span, of course) particular mode of cosmological evolution of matter had been realized.

The relay race to create a realistic picture of the evolution of the Universe by measuring
the CMB anisotropy was continued after COBE by the next generation of experiments (CBI,
DASI, BOOMERANG, MAXIMA-1, and quite a few others), all of which provided conclu-
sive proof of the existence of the CMB anisotropy on small angular scales of about 10 minutes
of arc. At first glance, the progress of the experiment towards smaller angular scales looks
modest at best. Indeed, we still lack 1.5-2 orders of magnitude in order to gauge the typical
sizes of galaxy clusters recalculated to the moment of hydrogen recombination at which the
Universe became transparent to radiation (~300000 years after the onset of the expansion
of the Universe). The reality is that it was with the CMB anisotropy and polarization that
we were connecting the possibility of ‘peeking’ into the remote past of the Universe and of
‘discovering’ the signs of the future clusters on what we now refer to as maps of distribution
of the CMB temperature fluctuations on the celestial sphere. Unfortunately this problem was

! To be precise, the COBE data limit the degree of non-equilibrium of the primordial radiation at the level of
10~#-1073, which is practically equivalent to a complete absence of distortions. Nevertheless, even this small
but possible degree of non-equilibrium proves to be very informative in that it places constraints on energy
releases in the early Universe, especially during the period of non-equilibrium ionization of hydrogen and
helium. This aspect of the problem is analysed in more detail in several chapters of the book.
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found to lie beyond the technical possibilities of radioastronomy, not so much because today’s
receivers of primordial radiation lack sensitivity, but rather owing to the disruptive effect of
various types of noise connected with the activity primarily within our Galaxy, with hot gas in
galaxy clusters, the emission from intergalactic dust, and a number of other factors that safely
shield the CMB anisotropy from us. However, from the standpoint of CMB physics, this neg-
ative outcome is still an outstanding positive result for the adjacent fields of cosmology and
astrophysics, which achieved excellent progress in studying the manifestations of activities
of various structural forms of matter in the Universe. It was the symbiosis of the adjacent
fields of astrophysics that made it possible at the very beginning of the twenty-first century to
come very close to solving one of the key problems of cosmology: the determination of the
most important parameters that characterize the evolution of the Universe in the past, present
and future, namely the Hubble constant, Hy, the current density of the baryonic fraction of
matter, the density of the invisible cold component (the so-called ‘cold hidden mass’), the
value of the cosmological constant, A, the type and characteristics of the spectrum of primor-
dial fluctuations of density, velocity and gravitational potential of matter, and other important
parameters that will be discussed in the book. As applied to CMB physics, this symbiosis
made it possible not only to outline the contours, but also to start a practical implementation
of the PLANCK satellite mission — an experiment unique in the extent of pre-launch analysis
of the anticipated effects and noise, capable of mapping the CMB anisotropy and polarization
with unique angular resolution (on the order of 6 minutes of arc) with a record low level of
internal noise of the receiving electronics, less by approximately an order of magnitude than
in all currently operational grand-based, balloon and satellite experiments.

It should be noted that the PLANCK project will launch in 2007-2008. Although the
objectives, namely the mapping of the CMB anisotropy and polarization with maximum
possible coverage of the celestial sphere, are shared by the two missions, the PLANCK
project is meant to provide the maximum possible sensitivity of the receiver electronics and
to achieve it with a unique selection of frequency ranges for the observation of the CMB
anisotropy and polarization. Furthermore, the objectives of the project include compilation
of a catalogue of radio and infrared pointlike sources that would cover the frequency range 30—
857 GHz in 19 frequency channels, mapping of galaxy clusters, plus a number of other tasks
whose solution became possible thanks to the unique theoretical and experimental studies of
the CMB anisotropy and the noise of galactic and extragalactic origin that accompanies it.

The following legitimate questions may be asked. Is it justifiable to present the CMB
physics now, before the completion of these two new space missions which may drastically
change our ideas about the evolution of the Universe and about the formation of anisotropy
and polarization of cosmic microwave background and, who knows, about the formation of
its large-scale structure? Would it be advisable to wait perhaps seven or ten years until the
situation concerning the distribution of anisotropy on the celestial sphere has been clarified
and then summarize the era of studying the CMB with certainty, being supported by the data of
literally ‘the very last experiments’? Answers to the above questions seem to us surprisingly
simple. First — and this point is perhaps the most important — we are absolutely sure that
no subsequent experiments will act as ‘foundation destroyers’ for modern cosmology. The
foundations of the theory are too solid for that, and its implications are very well developed
and carefully checked against observations. Secondly, the preparation stage for the WMAP
and PLANCK missions stimulated unprecedented progress in the theory that needs further
digeston and systematization. Suffice it to say that compared with the situation at the beginning
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of the 1990s, the CMB physics has progressed greatly, coming very close to predicting effects
with an accuracy of better than 5%, requiring for their simulation modern computer networks
and the development of new mathematical techniques for data processing. Finally, placed
third in sequence but not in significance, the future space experiments, the PLANCK mission
among them, have one obvious peculiar feature: they have been mostly prepared under
the guidance of the generation of ‘veterans’, whereas the results will mostly be used by the
generation of ‘pupils’. We think that in this relay race of generations it is extremely important
not to lose sight of the subject, not to disrupt the connection between the days of ‘Sturm und
Drang’ of the 1970s—1990s when the foundations of the CMB physics were laid and, let us
say, the ‘days of bliss’ that we all anticipate to arrive roughly by the end of the first decade of
this century when the WMAP and PLANCK projects will have been successfully completed.
This is the reason why we attempted in the book to stand back from discussing the general
aspects of cosmology and to focus mostly on specific theoretical problems of the formation
of the CMB frequency spectrum, its anisotropy and polarization and their observational
aspects; we assume the reader to have at least some general familiarity with the foundations
of the theory of the ‘hot Universe’, physical cosmology, probability theory and mathematical
statistics, the theory of random fields and atomic physics.

We have attempted to demonstrate in what way the modern apparatus of theoretical physics
can be applied to studying the properties of cosmic plasma and how the limits of our knowl-
edge of such fundamental natural phenomena as gravitation, relativity and relativism can be
expanded owing to their symbiotic relationship with astrophysics.

We are grateful to all our colleagues in the Astrocosmic Centre of the P. N. Lebedev Physics
Institute (FIAN, Moscow), Rostov State University, Copenhagen University, the Theoretical
Astrophysics Centre (Copenhagen) and Oxford University for supporting our work and for
numerous discussions.

We are especially grateful to E. V. Kotok for her enormous work preparing the manuscript
of this book, and also for her participation in a number of research papers quoted in it.



Preface to the English edition

The English translation of our book appears three years after the first Russian edition, which
was published in 2003. Cosmology, and specifically the cosmology of the cosmic microwave
background (CMB), is the most rapidly evolving branch of science in our time, so there have
been several important advances since the first edition of this book. Some extremely important
developments — the publication of new observational results (particularly the observations of
the Wilkinson Microwave Anisotropy Probe (WMAP) space mission), the discussion of these
results in numerous papers, the formulation of new ideas on the physics of the CMB, and the
creation of new mathematical and statistical methods for analysing CMB observations —have
arisen since the completion of the Russian edition, originally entitled Relic Radiation of the
Universe. The term ‘cosmic microwave background’ used in publications in the West (and
now often in Russia) is rather clumsy. ‘Relic radiation’, introduced by the Russian astronomer
I. S. Shklovskii, is an impressive name that appealed to many astrophysicists; however, since
CMB is used in the specific literature in the field, we had to call the English version of our
book The Physics of the Cosmic Microwave Background, and we continue using this term
throughout the book.

In the original Russian edition, we tried to give a complete review of all the important
topics in CMB physics. In preparing this edition, we tried hard to incorporate most of the
new developments; however, we preserve the original spirit of the book in not striving to
encompass the entire recent literature on the subject (especially as this now seems to be
impossible, even in such an inflated volume). Nevertheless, we hope that the English edition
presents the current situation in CMB physics.

This edition also includes a new eighth chapter, entitled ‘“The Wilkinson Microwave
Anisotropy Probe (WMAP).” This chapter describes in detail the primary results of the most
important CMB project of the last few years. In addition to the references recommended in
the Preface to the Russian edition, we recommend the following books devoted to the subject:
de Oliveira-Costa and Tegmark (1999), Freedman (2004), Lachiez-Rey and Gunzig (1999),
Liddle (2003), Partridge (1995), Peacock (1999) and Peebles (1993).

We also used this opportunity to correct misprints and some imperfections detected when
rereading the Russian edition. We are grateful to our translators, Nina Iskandarian and Vitaly
Kisin, for their valuable help in preparing the English edition.

And last but not least, while working on the English edition we enjoyed unfailing support
from the Niels Bohr Institute, Copenhagen, and Imperial College London. We wish to express
our sincere thanks to these institutions and the wonderful people there who helped make this
edition possible.

XV






Observational foundations of modern
cosmology

11 Introduction

In a way, the entire history of cosmology from Ptolemy and Aristotle to the present
day can be divided into two stages: a period before and a period after the discovery of
the cosmic microwave background (CMB). The first period was the subject of hundreds of
volumes of literature; now it is not only an integral part of science, but also marks a step in
the progress of mankind. The second stage started in 1965 when two American researchers,
A. Penzias and R. Wilson published their famous article in the Astrophysical Journal, ‘A
measurement of excess antenna temperature at 4080 Mc/s’ (Penzias and Wilson, 1965), in
which they announced the discovery of a previously unknown background radio noise in
the Universe. Another article, in the same issue of the Astrophysical Journal, preceded the
one by Penzias and Wilson; this was by R. Dicke, P. J. E. Peebles, P. Roll and D. Wilkinson
(Dicke et al., 1965) and discussed the preparation of a similar experiment at a different
wavelength, but also interpreted the Penzias—Wilson results as confirming the predictions of
the ‘hot universe’ theory. The radiation with a temperature close to 3 K discovered by Penzias
and Wilson was described as the remnant of the hot plasma that existed at the very onset of
expansion which then cooled down as a result of expansion.

Formally, the new stage in the study of the Universe was catalysed by several pages in
one volume of a journal and began in this non-dramatic and almost routine way. Note that
the ‘child’ wasn’t born all that unexpectedly for astrophysicists. In the mid 1940s George
Gamow had already published a paper (Gamow, 1946) in which he proposed a model of what
became known as the ‘hot’ starting phase of cosmological expansion; this work stimulated the
work of R. Alpher and R. Herman (Alpher and Herman, 1953), offering an explanation of the
chemical composition of pre-galactic matter (see a review and references in Novikov (2001)).

The starting point for motivating all these authors was an attempt to explain specific features
of the abundances of chemical elements and isotopes in the Universe. It was assumed that
these were all produced at the very first moments of expansion of the Universe. Tables of
the abundances of different isotopes show that isotopes with an excess of neutrons typically
dominate. It followed that free neutrons should have existed in the primordial matter for a
sufficiently long time — something that is only possible at extremely high temperatures. This
stimulated the idea of the hot initial phase of expansion of the Universe. The first publications
of the theory of the hot Universe contained a number of inconsistencies on which we will not
dwell here. The reader can find the details in Weinberg (1977) and Zeldovich and Novikov
(1983).

According to our current understanding, in the first three minutes of expansion of the
Universe only the lightest elements were ‘cooked’, whereas the heavier ones were produced
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2 Observational foundations of modern cosmology

much later by nuclear processes in stars; the heaviest elements were born when supernovas
exploded. It is important to note that Gamow, Alpher and Herman’s main idea about the need
for high temperatures of the primordial matter proved to be correct. For details on the modern
theory of nucleosynthesis in the early Universe, see, for example, Kolb and Turner (1989) and
Zeldovich and Novikov (1983). There was, however, another altogether funnier reason why
the authors of the theory of the ‘hot Universe’ considered it necessary ‘to cook’ (literally)
all the chemical elements in the very first seconds of the cosmological expansion. Namely
that, in the 1940s, the value of the Hubble constant, Hy, and, consequently, the age of the
Universe, were evaluated incorrectly. The Hubble constant was thought to be several times
larger than the value deduced from modern measurements, so that the age of the Universe was
as low as (1-4) x 10° years, as against the value of (13.5-14) x 10° years accepted now. This
duration would not be enough for the synthesis of chemical elements in stars; consequently,
Gamow and his colleagues came to the conclusion that all chemical elements must have been
‘cooked’ from the primeval matter.

We now know, owing to the available cosmochronological data, that the age of the Universe
is far greater than the age of the Earth (4 x 10° years), and that the Earth was formed from
the protoplanetary material that had been enriched by products of thermonuclear synthesis
deep inside stars. Therefore the need to find an explanation for the chemical composition of
matter, including elements heavier than iron, within the limits of the ‘hot Universe’ model
has simply gone up in smoke, but the principal idea of the founders of this theory — the idea
of high initial temperature and high density of cosmic plasma — passed the test of time.

Let us return, however, to the history of the discovery of the cosmic microwave background.
Using somewhat inconsistent estimates, Gamow and his colleagues concluded that, owing
to the hot birth of the Universe, the space that exists during this epoch must be filled with
equilibrium radiation at a temperature of several kelvin. It would seem likely to us now
that once a major prediction had been formulated, it demanded immediate testing, and that
radioastronomers would have tried to detect this radiation. This, however, failed to happen. An
outstanding American scientist, winner of a Nobel prize for physics, Steven Weinberg, wrote
in The First Three Minutes: A Modern View of the Origin of the Universe (Weinberg, 1977)
“This detection of the cosmic microwave background in 1965 was one of the most important
scientific discoveries of the twentieth century. Why did it have to be made by accident? Or
to put it another way, why there was no systematic search for this radiation, years before
19657 We mentioned above that Gamow and his colleagues predicted the probable presence
of electromagnetic radiation with a temperature of several kelvin more than 15 years before
its detection. Perhaps special radiotelescopes were required, with sensitivity unattainable at
the moment? Apparently not; the necessary receivers were available. The main reason, in our
opinion, was probably of a psychological nature. There is convincing evidence to support
this view, and we will discuss this later.

In fact, numerous examples can be found in the history of science when predictions of novel
phenomena, and in particular ground-breaking discoveries, occurred long before experimental
confirmations were obtained. Weinberg (1977) provides us with an excellent example: the
prediction, made in 1930, of the existence of the antiproton. Immediately after this theoretical
prediction, physicists could not even imagine what kind of physical experiment would be
capable of confirming or, as often happens, disproving this fundamental inference of the
theory. It only became possible almost 20 years later when a suitable particle accelerator was
built in Berkeley that provided impeccable confirmation of the prediction of the theory.
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However, as we shall see below, in the case of this particular prediction the suitable
receivers necessary to start searching for the microwave background already existed. Alas,
radioastronomers simply did not know what it was they should search for. There was no
proper communication between theorists and observers, and theorists did not really trust the
not yet perfect theory of the hot Universe. Ideas on how it would be possible to detect the
electromagnetic ‘echo of the Big Bang’ started to appear only in the mid 1960s, and even
then only accidentally. Another reason why radioastronomers did not attempt to discover the
CMB, and perhaps the most important one, was formulated by Arno Penzias in his Nobel
lecture of 1979 (Penzias, 1979). The fact was that none of the work published by Gamow
and his colleagues pointed out that the microwave radiation that reaches us from the epoch of
cosmological nucleosynthesis, having cooled down to several kelvin owing to the expansion
of the Universe, could be detectable, even in principle. In fact, the general feeling was quite
the opposite; Penzias, in his Nobel lecture, formulated the widespread impression: ‘As for
detection, they appear to have considered the radiation to manifest itself primarily as an
increased energy density.! This contribution to the total energy flux incident upon the earth
would be masked by cosmic rays and integrated starlight, both of which have comparable
energy densities. The view that the effects of three components of approximately equal
additive energies could not be separated may be found in a letter by Gamow written in 1948
to Alpher (unpublished, and kindly provided to me by R. A. Alpher from his files). “The space
temperature of about 5 K is explained by the present radiation of stars (C-cycles). The only
thing we can tell is that the residual temperature from the original heat of the Universe is not
higher than 5 K.” They do not seem to have recognized that the unique spectral characteristics
of the relict radiation would set it apart from the other effects.’

This, however, was understood by A. Doroshkevich and 1. Novikov, who, in 1964, pub-
lished a paper in The Academy of Sciences of the USSR Doklady entitled ‘Mean density of
radiation in the metagalaxy and certain problems in relativistic cosmology’ (Doroshkevich
and Novikov, 1964). The basic idea formulated in this paper has not lost its relevance even
40 years later. We shall assume for the moment that we know how galaxies of different type
emit electromagnetic radiation in different wavelength bands. Choosing certain assumptions
concerning the evolution of galaxies in the past and taking into account the redshifting of
the wavelength of light from distant galaxies because of the expansion of the Universe, it
is possible to calculate the intensity of radiation from galaxies in today’s Universe for each
wavelength. What we need to consider is that stars are not the only sources of radiation:
indeed, many galaxies are powerful emitters of radio waves on the metre and decimetre
wavelengths. Gas and dust in the galaxies also radiate. The nontrivial aspect of this is that
if the Universe had been ‘hot’ at some point, the primordial radiation background has to be
added to the radiation spectrum one wishes to calculate, and this is what Doroshkevich and
Novikov (1964) accomplished. The wavelength of this radiation should be on the order of
centimetres and millimetres and should fall within that range of spectrum where the contri-
bution of galaxies is practically zero. Therefore, the cosmic microwave background in this
wavelength range should exceed the radiation of known sources of radio emission by a factor
of tens of thousands, even millions. Hence, it should be observable! Here is how Arno Penzias
formulated it in his Nobel lecture: ‘The first published recognition of the relict radiation as
a detectable microwave phenomenon appeared in a brief paper entitled “Mean density of

! Penzias referred here to work by Alpher and Herman dated 1949.
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radiation in the metagalaxy and certain problems in relativistic cosmology”, by A. G.
Doroshkevich and I. D. Novikov (1964). Although the English translation appeared later
the same year in the widely circulated Soviet Physics—Doklady, it appears to have escaped
the notice of the other workers in this field. This remarkable paper not only points out the
spectrum of the relict radiation as a blackbody microwave phenomenon, but also explicitly
focuses upon the Bell Laboratories twenty-foot horn reflector at Crawford Hill as the best
available instrument for its detection!’

Note that the cosmic microwave background was indeed discovered in 1965 using precisely
this facility.

The paper by Doroshkevich and Novikov was not noticed by observer astronomers. Neither
Penzias and Wilson, nor Dicke and his coworkers, were aware of it before their papers were
published in 1965. We wish to mention a strange mistake involving the interpretation of
one of the conclusions in Doroshkevich and Novikov (1964). Penzias (1979) wrote: ‘Having
found the appropriate reference [Ohm, 1961], they [Doroshkevich and Novikov] misread its
result and concluded that radiation predicted by the “Gamov theory” was contradicted by the
reported measurements.’

Also, in Thaddeus (1972) one can read: ‘They [Doroshkevich and Novikov] mistakenly
concluded that studies of atmospheric radiation with this telescope (Ohm, 1961) already
ruled out isotropic background radiation of much more than 0.1 K. Actually, Doroshkevich
and Novikov’s paper contains no conclusion stating that the observational data exclude the
CMB with temperature predicted by the hot Universe model. In fact, it states: ‘Measurements
reported in Ohm (1961) at a frequency v = 2.4 x 10° cycles s~! give a temperature 2.3
0.2 K, which coincides with theoretically computed atmospheric noise (2.4 K). Additional
measurements in this region (preferably on an artificial earth satellite) will assist in obtaining
a final solution of the problem of the correctness of the Gamow theory’. Thus, Doroshkevich
and Novikov encouraged observers to perform the relevant measurements! They did not
discuss in their paper the interpretation of the value 2.4 K obtained by Ohm (1961), who used
atechnique developed specifically for measuring the atmospheric temperature (see discussion
in Penzias (1979)).

This is not the end, however, of the dramatic episodes in the history of the prediction and
discovery of the cosmic microwave background. It is now clear that astronomers came across
indirect manifestations of the CMB long before the 1960s. In 1941, a Canadian astronomer,
Andrew McKellar, discovered cyanide molecules (HCN) in interstellar space. He used the
following method of studying interstellar gases. If light travelling from a star to the Earth
propagates through a cloud of interstellar gas, atoms and molecules in the gas absorb this
light only at certain wavelengths. This creates the well known absorption lines that are
successfully used not only for studying the properties of interstellar gas in our Galaxy,
but also in other fields of astrophysics. The positions of absorption lines in the emission
spectrum of radiation depend on what element or what molecule causes this absorption, and
also on the state in which they were at the moment of absorption. As the object of research,
McKellar chose absorption lines caused by cyanide molecules in the spectrum of the star
‘e’ of Ophiuchus. He concluded that these lines could only be caused by absorption of light
by rotating molecules. Relatively simple calculations allowed McKellar to conclude that
the excitation of rotational degrees of freedom of cyanide molecules required the presence
of external radiation with an effective temperature of 2.3 K. Neither McKellar himself, nor
anyone else, suspected that he had stumbled on a manifestation of the cosmic microwave
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background. Note that this happened long before the ground-breaking work of Gamow and
his colleagues! Only after the discovery of the CMB, in 1966 were the following three
papers published in one year: Field and Hitchcock (1966), Shklovsky (1966) and Thaddeus
and Clauser (1966); later, Thaddeus (1972) showed that the excitation of rotational degrees
of freedom of cyanide was caused by CMB quanta. Thus, an indication, even if indirect,
of the existence of a survivor from the ‘hot’ past of the Universe was available as early
as 1941.

Even now we are not at the end of our story. We shall return to the question of whether
the experimental radiophysics was ready to discover the microwave background long before
the results of Penzias and Wilson. Weinberg (1977) wrote that ‘It is difficult to be precise
about this but my experimental colleagues tell me the observation could have been made long
before 1965, probably in the mid 1950s and perhaps even in the mid 1940s.” Was this indeed
possible?

In the autumn of 1983, one of authors of this volume (I. Novikov) received a call from
T. Shmaonov, a researcher with The Institute of General Physics, with whom Novikov was
not previously acquainted. Shmaonov explained that he would like to discuss some details
concerning the discovery of the cosmic microwave background. When they met, Shmaonov
described how, in the middle of the 1950s, working under the guidance of the well known
radioastronomers S. E. Khaikin and N. L. Kaidanovsky, he conducted measurements of the
intensity of radio emission from space at the wavelength of 3.2 cm using a horn antenna
similar to the one that Penzias and Wilson worked with many years later. Shmaonov very
carefully measured the inherent noise of his receiver electronics, which was certainly not as
good as the future American equipment (do not forget the time factor, which in those years was
decisive as far as the quality of receivers was concerned), and concluded that he had detected
a useful signal. Shmaonov published his results in 1957 in Pribory i Tekhnika Eksperimenta
and also included them in his Ph.D. thesis (Shmaonov, 1957). The conclusion drawn from
these measurements was as follows: “We find that the absolute effective temperature of the
radioemission background... is 4 & 3 K.’ Moreover, measurements showed that radiation
intensity was independent of either time or direction of observations. Even though temperature
measurement errors were quite considerable, it is now clear that Shmaonov did observe the
cosmic microwave background at a wevelength of 3.2 cm; alas, neither the author nor other
radioastronomers with whom he discussed the results of his experiments have given this
effect the attention it deserved. Furthermore, even after the work of Penzias and Wilson was
published, Shmaonov failed to realize that the source of the signal was the same; in fact,
at the time, Shmaonov was working in a very different branch of physics. Only 27 years
after he published those measurements did Shmaonov make available a special report on his
discovery (see the discussion in Kaidanovsky and Parijskij (1987)).

Even this is not the last piece of the jigsaw puzzle! More recently, we have learnt that at
the very beginning of the 1950s Japanese physicists made attempts to measure the cosmic
microwave background. Unfortunately we were unable to find reliable contemporary or more
recent references to these studies.

It is obvious that the drama of ideas and ‘random walks’ of the 1940s to the 1950s in search
of manifestations of the cosmic microwave background is still waiting for its historian, while
the period from 1965 to the present day is a well planned and orchestrated attack on the
secrets of cosmic radiation, not only at radio wavelengths, but also in the optical, infrared,
ultraviolet, x-ray and gamma radiation ranges.
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Figure 1.1 Thermodynamic temperature of the CMB as a function of radiation frequency
and wavelength. Data from the FIRAS instrument are shown in the 100 to 600 GHz range.
The horizontal line corresponds to 7y = 2.736 K — the best approximation of the COBE
data. For comparison, the data from other experiments are marked by squares and triangles.
Adapted from Nordberg and Smoot (1998) and Scott (1999a).

12 Current status of knowledge about the spectrum of the CMB

in the Universe

Only a year after the publication of the paper by Penzias and Wilson, their colleagues,
F. Howell and J. Shakeshaft (Howell and Shakeshaft, 1966) measured the temperature of the
cosmic microwave background at a wavelength of 20.7 cm and found it to be 2.8 + 0.6 K.
Similar values of temperature, but in the wavelength range 3.2 cm (7' = 3.0 & 0.5 K), were
reported in the same year by Roll and Wilkinson (1966) and by Field and Hitchcock (1966)
(T =3.2+0.5 K at a wavelength 0.264 cm), and by a number of other researchers in
subsequent years.

Table 1.1 gives a complete list of published measurements of the CMB temperature from
408 MHz up to 300 GHz (Nordberg and Smoot, 1998). In spite of a large number of exper-
iments (~60) that measured the CMB temperature, not all of them are equally informative.
Quite often a high level of systematic errors led to considerable spreads of the average
values of Tr. In this connection, Fig. 1.1 presents selective data for a number of experi-
ments carried out over a period from the end of the 1980s to the beginning of the 1990s
and manifesting an extremely low noise level (references to these experiments are given in
Table 1.1).



Table 1.1. Measurements of the CMB temperature

Frequency (GHz) Wavelength (cm) Temperature (K) Reference

0.408
0.6
0.610
0.635
0.820
1.4
1.42
1.43
1.45
1.47
2

2.5
3.8
4.08
4.75
7.5
7.5
9.4
9.4
10
10.7
19.0
20
24.8
315
325
33.0
35.0
53
90
90
90
90
90
90.3
113.6
113.6
113.6
113.6
113.6
113.6
113.6
154.8
195.0
227.3
227.3
227.3
227.3
227.3
266.4
Broad range
300

73.5
50
49.1
472
36.6
213
21.2
21
20.7
20.4
15

12
7.9
7.35
6.3
4.0
4.0
32
32
3.0
2.8
1.58
1.5
1.2
0.95
0.924
0.909
0.856
0.57
0.33
0.33
0.33
0.33
0.33
0.332
0.264
0.264
0.264
0.264
0.264
0.264
0.264
0.194
0.154
0.132
0.132
0.132
0.132
0.132
0.113
Broad range
0.1

37412
3.0+ 1.2
37412
30405
274 1.6
2.1140.38
32410
2.65705
2.840.6
2.2740.19
2.5540.14
2714021
2.64 4 0.06
354+ 1.0
2.70 4 0.07
2.60 4 0.07
2.64 4 0.06
30405
2.697051
2.62+0.06
2.730 + 0.014
278401
2.0+ 0.4
2.783 +0.025
2.8340.07
3.16+0.26
2.8140.12
2.56%0,
2.7140.03
2467044
2.6140.25
2.48+0.54
2.60 4+ 0.09
2724 0.04
<297

2.70 4+ 0.04
2.74 4 0.05
2754 0.04
2754 0.04
2.834 4 0.085
2.807 4+ 0.025
2.279%00%

< 3.02
<291

2.656 4 0.057
2.76 +0.20
2.75%0%
2.8340.09
2.832 4 0.072
< 2.88
2.72840.002
2.736 +0.017

Howell and Shakeshaft (1967)
Sironi et al. (1990)
Howell and Shakeshaft (1967)

Stankevich, Wielebinski and Wilson (1970)

Sironi, Bonelli and Limon (1991)
Levin et al. (1988)

Penzias and Wilson (1967)
Staggs et al. (1996a,b)

Howell and Shakeshaft (1966)
Bensadoun et al. (1993)
Bersanelli et al. (1994)

Sironi et al. (1991)

de Amici et al. (1991)

Penzias and Wilson (1965)
Mandolesi et al. (1986)

Kogut er al. (1990)

Levin et al. (1992)

Roll and Wilkinson (1966)
Stokes, Partridge and Wilkinson (1967)
Kogut et al. (1990)

Staggs et al. (1996a,b)

Stokes et al. (1967)

Welch et al. (1967)

Johnson and Wilkinson (1987)
Kogut et al. (1996b)

Ewing, Burke and Staelin (1967)
De Amici et al. (1985)
Wilkinson (1967)

Kogut et al. (1996b)

Boynton, Stokes and Wilkinson (1968)
Millea et al. (1971)

Boynton and Stokes (1974)
Bersanelli et al. (1989)

Kogut et al. (1996b)

Bernstein et al. (1990)

Meyer and Jura (1985)

Crane et al. (1986)

Kaiser and Wright (1990)

Kaiser and Wright (1990)

Palazzi et al. (1990)

Palazzi, Mandolesi and Crane (1992)
Roth, Meyer and Hawkins (1993)
Bernstein et al. (1990)

Bernstein et al. (1990)

Roth et al. (1993)

Meyer and Jura (1985)

Crane et al. (1986)

Meyer, Cheng and Page (1989)
Palazzi et al. (1990)

Bernstein et al. (1990)

Fixsen et al. (1990)

Gush, Halpern and Wishnow (1990)
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An important feature of these data is an extremely low absolute measurement error, which
makes possible the calculation of the amplitude of today’s temperature of the microwave
background at the 95% confidence limit:

Ty = 2.7356 £ 0.038 K. (1.1)

Itis well known that this temperature (7) determines all spectral characteristics of radiation
(see, for example, Landau and Lifshits (1984)). For instance, the spectral intensity of radiation,
defined as energy per unit area element in unit solid angle and unit frequency interval, is given
by the expression

Iu = ——F5 Ny, (12)

where £ is Planck’s constant, c is the speed of light in vacuum, v is frequency and n, is the
spectral density of the number of quanta. For the Planck radiation, n, is a function of only
one parameter, namely temperature:

ny = (AT — 1), (1.3)
where k is the Boltzmann constant, and the corresponding spectral brightness is given by
2hv? _
B(T) = - (M — 1) (1.4)
c

Note that the dependence of I, on frequency will be different for non-equilibrium radiation,
but in general it should not necessarily be characterized by a single universal parameter, i.e.
temperature. Equation (1.4) readily leads to asymptotics for B, (7) in the limit (f—; < 1)
2 2
BR(T) ~ 2 kT (1.5)

c2

for the Rayleigh—Jeans interval, and, for high energies of quanta (,i’—; > 1),

2h3
BY(T) o~ T T (1.6)
C

for Wien’s interval. We see that B}}J (T) describes the classical (non-quantum) part of the
spectrum, which is independent of the value of Planck’s constant. The Rayleigh—Jeans formula
is well known in radioastronomy for determining the brightness temperature of a radiation
source with spectral intensity 7,,:

C2

Th = —1,(T). 1.7
A= 5 D) (1.7)
As we see from Eq. (1.7), the relation between the thermodynamic and brightness tempera-
tures for blackbody radiation has the form

x2ex

Ta(v) =Tp——, 1.8
A(v) e (1.8)
where x = Ii‘—; Therefore, in the low-frequency limit, x < 1, Eq. (1.8) immediately implies
the equality Ta = Tj, and if x > 1 then the brightness temperature is found to be systemati-
cally below the thermodynamic temperature. In what follows we require integral characteris-
tics of the CMB in addition to spectral ones: energy density, &, ; concentration of quanta, n,, ;
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entropy density, S, ; and quantum energy averaged over the spectrum, fy. These quantities
are defined for the CMB in the standardized manner (Landau and Lifshits, 1984), regardless
of its cosmological nature:

oTj =424 x 10 ergem s m, = 0244 (42)° = 414 cm~;

™

7 (1.9)

%}

) =35k = 1496 x 10° cm™; E, = =1.02x 107 erg,
where o = (7%k? /15h3¢) = 7.5640 x 10~ erg cm™> K~! is the emission constant and
fi=h)2m.

1.2.1  Electromagnetic emission from space

We mentioned at the beginning of this chapter that the pioneers of CMB research
considered various types of electromagnetic emission coming from space as sources of very
undesirable noise. However, in contrast to the CMB, electromagnetic radiation in the optical,
ultraviolet, x-ray, y and also long-wavelength ranges (A > 1 m) are of non-cosmological
origin. The most important characteristics of these electromagnetic backgrounds are, as in
the case of the CMB, the intensity and degree of anisotropy of distribution over the sky. In this
section we are mostly interested in the isotropic extragalactic component which is obtained
by subtracting the component generated by the activities within the Milky Way Galaxy from
the total signal. Figure 1.2 (Halpern and Scott, 1999) shows the combined distribution of
various electromagnetic backgrounds published in Dwek and Arendt (1998), Hauser ef al.
(1998), Kappadath et al. (1999), Lagache et al. (1998), Miyaji et al. (1998), Pozzetti et al.
(1998), and Sreekumar et al. (1998). In the long-wavelength limit (A > 10* mm), we clearly
see a contribution from extragalactic radio sources that is characterized by a power-law
spectrum:

I, ~ 6 x 103( )a Ty ster™!, (1.10)

Vv
1GHz
with the spectrum exponent « = —0.8 & 0.1 (Longair, 1993) and 20% uncertainty in ampli-
tude. The total contribution of this component to the total energy density of the radiation is
extremely small, but the role of this background is found to be very significant in clarifying
the origin of the so-called superhigh-energy cosmic rays (E > 10?° eV) (Bhattacharjee and
Sigl, 2000; Blasi, 1999; Doroshkevich and Naselsky, 2002).

Note, however, that as v — 0, the intensity increases ([, o p=038) only up to frequencies
v ~ 1-3 MHz. The data of Clark, Brown and Alexander (1970), Longair (1993) and Simon
(1978) point to this behaviour. The slope I, changes at v < 3 MHz and the effective exponent
becomes o =~ 1. The causes of this behaviour may be traced to synchronous self-absorption
of radiation in the sources responsible for the formation of long-wavelength radio background
(Longair, 1993).

Let us return, however, to discussing background radiation outside the range in which
the CMB dominates. The most complete review of the available observational data in the
infrared (IR) range of wavelengths from 1 mm to 1073 mm is given in Hauser (1998) and
Gispert, Lagache and Puget (2000). Note that the study of the defuse cosmic IR radiation
is relatively recent, even though the data on the intensity of this background radiation make
it possible to extract unique information on the evolution of pregalactic matter and on the
dynamics of the formation of galaxies and stars. It appears that the first indications of the
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Figure 1.2 Spectral density of extragalactic electromagnetic radiation in the Universe.
From Scott (1999a).

existence of this background were obtained in rocket experiments (see, for example, Hauser
et al. (1991)). The IR background was later studied specifically using the DIRBE tool in
the framework of the Cosmic Background Explorer (COBE) project that we have mentioned
earlier. In combination with FIRAS — an instrument in the same project (Gispert et al., 2000) —
it was possible to obtain unique data on the spectral characteristics of IR radiation in the range
from 100 um to 1 cm, as shown in Fig. 1.3. The same figure shows the data for the optical and
ultraviolet (uv) ranges that follow the IR range in the order of increasing energy of quanta. An
important feature of these ranges, as in the case of the IR background, is their genetic relation
to young galaxies being formed in the process of evolution of the Universe (the optical range
0.15-2.3 um), to the diffuse thermal emission of intergalactic medium and to the integral
ultraviolet luminosity of galaxies and quasars (UV range; A >~ 1000-2500 A) (see Gispert
et al. (2000) and the relevant references therein).

In the optical range in the interval A ~ 3200-24 000 A, the intensity distribution is
described sufficiently well by the following expression:

M >~ APM107° erg cm 2 s !ster™!, (1.11)
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Figure 1.3 Spectrum of extragalactic radiation in the ultraviolet to millimeter wavelength
ranges. From Gispert et al. (2000).

where the coefficient is given by A = 2.51’8:81 for 1 = 3600 A, A= 2.9f8:8§ for A = 4500 A
and A = 6500 A, and A = 2.6703 for A = 9000 A (Gispert et al., 2000). We see from these
data that A can be considered to be practically independent of wavelength in a wide range of
A. From 2 pm (22 000 A) we observe that the amplitude A()) is almost doubledto A =7 £ 1
(Gispert et al., 2000). In contrast to the optical range, this situation in the (UV) range is not
as obvious. Here it is very difficult to separate the galactic and extragalactic components. It
is assumed (see, for example, Henry and Murthy (1996) and Jakobsen et al. (1984)), that
UV observations at high galactic elevations mostly single out the extragalactic component,
even though it is not clear to what extent it is distorted by the influence of our Galaxy. The
anticipated limits and observational data on the spectrum of extragalactic UV background
may be found in Andersen et al. (1979), Fix, Craven and Frank (1989), Henry and Murthy
(1996), Hurwitz, Bowyer and Martin (1990), Jakobsen et al. (1984), Joubert et al. (1983),
Martin and Bowyer (1990), Onaka (1990), Parese ez al. (1979), Tennyson et al. (1988), Weller
(1983).

Moving further on along the scale of wavelengths of cosmic background, we reach, after
the UV range, the region of diffuse x-ray radiation within wavelengths from 10~ to 10~® mm
(see Fig. 1.4). Note that this range of wavelengths was an object of study even before the
discovery of the cosmic microwave background. Even in 1962, in the course of rocket exper-
iments, a diffuse x-ray component was detected, combined with simultaneously discovered
powerful discrete sources of x-ray emission (Gehrels and Cheng, 1996; Zamorani, 1993).
An x-ray survey of the sky followed, using the satellites UHURU, ARIEL V, EINSTEIN,
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Figure 1.4 The spectrum of x-ray background in the range 1-10* keV. Lines correspond to
models of generation of background radiation (see Gehrels and Cheng (1996) and
Zamorani (1993)). Adapted from Hasinger and Zamorani (1997).

ROSAT, GINGA, etc.; this made it possible to identify with certainty the spectrum of
the diffuse component that reaches maximum at quantum energies E ~ 25keV and mani-
fests power-law asymptotics at E < E and E > E with exponents a; ~ 0.4 and o, ~ 1.4,
respectively.

Figure 1.5 plots the data on the spectrum of diffuse x-ray and y -ray backgrounds according
to Strong, Moskalenko and Reimer (2004) and Zamorani (1993). The results of observation
of the role of Seyfert galaxies of types I and II, taking into account the role of quasars
with x-ray luminosities L, > 5 x 10* ergs~!, show that this component of diffuse cosmic
background was formed at relatively low redshifts, z < 3. Note that excessive intensity of
quanta at E > 10> keV up to 1 MeV shows a knee in the range E > 1 MeV, which is clearly
seen in Fig. 1.5. In the y part of the spectrum, the intensity /(E) o< E~* for quanta with
energy E > 1 MeV can be approximated, by following the work of Gehrels and Cheng
(1996) by a set of power-law functions with exponents « ~ 0.7 for E ~ 1 MeV and o« ~ 1.7
for 2MeV< E < 10MeV. The distribution of quanta over energy for the function EI(E)
is clearly manifest in the shape of the peak (Fig. 1.5). Note that the nature of this diffuse
background remained unclear for a long time, despite numerous attempts to identify possible
sources of its formation. Only a few powerful sources of gamma radiation were identified up
to the end of the 1990s in the gamma range, such as 3C273, CenA, NGC4151 and NGC8-
11-11 (Bassani et al., 1985). The situation with the gamma background changed radically
after the successful launch of the COMPTON satellite. The all-sky map obtained by the
Energetic Gamma Ray Experiment Telescope (EGRET) on board the COMPTON Gamma
Ray Observatory is shown in Fig. 1.6.

To conclude this section, it will be useful to summarize the observational data regarding
the intensity distribution of cosmic rays (CRs) with energy above 10?>keV and up to the
maximum energies that can be currently detected, ~ 10?' keV. Figure 1.7 shows the energy
distribution of the flux of the CRs (no special effort was made to separate the electromagnetic
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Figure 1.5 The spectrum of the diffuse x-ray and y-ray backgrounds. Adapted from Strong,
Moskalenko and Reimer (2004).

Figure 1.6 EGRET all-sky map of £ > 100 MeVy-ray intensity in galactic coordinate
Aitoff projections. Adapted from Willis (2002).
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Figure 1.7 Flux of cosmic rays in the range 108eV < E < 10?! eV. From Sigl (2001a).

components). It is generally accepted that the main sources of formation of the CR spectrum
in the energy range 10'7—10'% eV are pulsars, nuclei of active galaxies, galaxy clusters and
a number of other non-cosmological sources of particle acceleration. However, in the range
above 10'3 eV, especially E > 10%° eV, the situation is less trivial.

The spectrum of the so-called ultrahigh-energy cosmic rays (UHECR) composed from a
number of sets of experimental data (Ave et al., 2000; Hayashida et al., 1994; Lawrence, Reid
and Watson, 1991; Takeda er al., 1998; Yoshida and Dai, 1998; Yoshida ez al. 1995), is shown
in Fig. 1.8. The fact of special importance is that several dozens of events were recorded in the
energy range above the so-called Greisen—Zatsepin—Kuzmin limit (Greisen, 1966; Zatsepin
and Kuzmin, 1966), Egzx ~ 7 x 10" (E/1073 eV)_] eV, where E is the mean energy of the
cosmic microwave background. The gist of the UHECR problem lies in that the characteristic
free path length of nucleons in the cosmic background (ycpps +p — p+et +e™ + y) is
found to be ~ 20 Mpc (Greisen, 1966). In this case, the observed flux of CRs near the Earth
must be characterized by a considerable correlation between the direction of arrival of the
CRs and the expected sources that generate them. However, experimental data point to a high
degree of isotropy of the background; this is the reason why the hypothesis of its cosmological
nature deserves attention.
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Table 1.2. Energy distribution over various components of
cosmic background

Intensity

Frequency range (m~2sr7") Fraction of energy density
Radio 1.2 x 10712 1.1 x 1076

CMB 9.96 x 1077 0.93

IR 4-52x 107  0.04-0.05

Optical 24 x 1078 0.02-0.04

X-rays 2.7 x 10710 2.5x 107

Gamma radiation 3 x 107! 2.5 x 1073
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Figure 1.8 UHECR spectrum according to the observations by the facilities shown in the
figure. From Sigl (2001b).

To conclude the survey of the current data on the distribution of cosmic radiation from the
radio range to UHECR particle energies, we give in Table 1.2 a summary of the intensities of
various components and their contribution to the total density of electromagnetic energy in
the Universe. As we see from this table, 93% of the total energy density of electromagnetic
radiation comes from CMB radiation, while the optical and infrared ranges constitute most of
the remaining 7%. Taking into account the fact that diffuse components are formed at redshifts
z < 3, we arrive at a result quite familiar in cosmology: the electromagnetic component of
matter in the early Universe at z 3> 3 consisted of CMB only.



16 Observational foundations of modern cosmology

As the Universe continued expanding, the maximum of the spectrum shifted towards lower
energies, in accordance with the law of temperature decrease Tr(z) = To(1 + z) (Zeldovich
and Novikov, 1983) and the quanta of CMB were undergoing the Doppler frequency shift.
In this process, the energy density of radiation, &,, the quantum concentration, n,,, and the
density of entropy, S, , changed with z in the following manner:

gy =5,(1+2)°%, ny =m,(1+2)°, Sy =S,(1+2), (1.12)

where €,,, 11, and Ey correspond to the current values for z = 0 (see Eq. (1.9)).

13 The baryonic component of matter in the Universe

In Section 1.2 we summarized the main parameters of the electromagnetic compo-
nent of the current density of matter, in the Universe. However, in addition to this electromag-
netic radiation, today’s Universe is filled with conventional baryonic matter, which provides
the original material for star formation and later serves as nuclear fuel that sustains their lumi-
nosity. An important feature of this component of matter is typically a very low temperature
of matter, much lower than the relativistic limit, 7, >~ mp62 /k ~ (10"3) K, where, my is the
proton mass. Therefore, as the Universe expands, the baryonic component of matter changes
following a law that differs from that for the primordial electromagnetic radiation,

oo = Pp(1 +2)°, (1.13)

where p,, is the current value of the baryonic density at z = 0. We know that this fraction
exists in the form of various structural forms, beginning with the condensed state and ending
with plasma. It is mostly concentrated in clouds of gas and dust, in planets, stars and stellar
remnants. In their turn, these younger components are building material for galaxies, groups
of galaxies and galaxy clusters. Therefore, in contrast to the electromagnetic component,
the baryonic matter is now very highly structured. In fact, by analysing the observational
manifestations of these structural units, we can make a judgement about the content of baryons
in them and, therefore, about their cosmological abundance. Following Fukugita, Hogan, and
Peebles (1998), we evaluate the baryonic density of various structural forms of condensation
of matter, using the standard normalization of the mean baryon density, 2, = 0y / Ocr, to the
critical density, p; = 3HZ /87 G =~ 1.8 x 1072°h?, where h is the Hubble constant in units
of 100kms~! Mpc~!.

1.3.1  Stars and stellar remnants in galaxies

Two subsystems of stars and their remnants must be distinguished in order to char-
acterize the role of stars and stellar remnants in galaxies; these are connected to the structure
of spiral and elliptical galaxies, namely the spherical population of old stars and the disk
population that contains younger stars. The contributions of these two subsystems to the total
mass of stars may differ for each type of galaxy. For instance, the spherical stellar population
is most pronounced in elliptic galaxies, while the spherical component in irregular galaxies
is either much less pronounced or is completely absent. Evaluations of baryon density in
these two basic types of galactic population yield the following values for the parameter €2,
(Fukugita et al., 1998):

Qqph = 0.0018100005

+0.0003 (1.14)
Qyh = 0.00067 1002-
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The estimate for irregular galaxies is given by
0.0003
Qirh = 0.00057) 000>

1.3.2  Atomic and molecular gaseous components
The data for this fraction were obtained from HI 21 cm surveys (Rao and Briggs,
1993; Roberts and Haynes, 1994). For atomic hydrogen we have

Quh = 0.00025 +£ 0.00006; (1.15)
Qpu,h 22 0.00020 £ 0.00006.

1.3.3  Baryons in galaxy clusters

Evaluations for €2}, from the data of matter density concentrated in galaxy clusters
are based on the distribution of the number of clusters as a function of their mass, suggested
in Bahcall and Chen (1993):

na(>M) =4 x 107°h* (£>1 exp (—ﬂ> Mpc =3, (1.16)
M, M,
where M, = (1.8 £0.3) x 104~ M, and M is the total mass of matter inside a sphere of
radius 1.54~! Mpc, enclosing the cluster. The distribution of matter within this radius is close
to dynamic equilibrium. Following Fukugita et al. (1998), we define a galaxy cluster as an
object with mass M > 10'*h M. Then the integral [ dM Mdng/dM = pg corresponds to
the average density of the baryonic component in the cluster:

pa = (7.7133) x 10°h* Mo, Mpe ™. (1.17)
Normalizing p.; to the critical matter density, we obtain
Qa = 0.02870008. (1.18)

Note that the mass of the gas in the space between the galaxy clusters is reliably identified
with the data of x-ray observations (Fabricant et al., 1986; Hughes, 1989; White, Efstathiou
and Frenk, 1993). A recalculation of the contribution of this component to the parameter €2,
points to an extremely small contribution of the intercluster gas to the aggregate density of
baryons (Mayers et al., 1997; White and Fabian, 1995) as compared to Eq. (1.18):

Qunah®? = 0.001675500. (1.19)

1.3.4  Plasma in groups of galaxies

Evaluations of the density of the baryonic fraction in groups of galaxies are based
on the observations of hard x-ray radiation made with the ROSAT satellite (Mulchaey et al.,
1996). According to Fukugita et al. (1998) it was possible to evaluate the density of the
baryonic component for 17 groups of galaxies using the measurements of fluxes of soft x-ray
radiation:

QHH,grouph3/2 = 00031_8883 (120)
1.3.5  Massive compact halo objects (MACHOs)

Immediately after the discovery of the effect of gravitational lensing of starlight
in the larger Magellanic Cloud (Alcock et al., 1997), the nature of this galactic component
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Table 1.3.
Component Mean value Maximum value ~ Minimum value
1 Stars in spherical subsystems ~ 0.0026/7, 0.0043h5, 0.0014h5,
2 Stars in the disk 0.00086h3  0.00129Ah7, 0.00051h5,
3 Stars in irregular galaxies 0.000069h5)  0.000116/5, 0.0000331/7,
4 Neutral atomic gas 0.00033h7  0.00041h7, 0.00025h5,
5  Molecular gas 0.00030h5,  0.00037h5, 0.00023h5,
6  Plasma in clusters 0.0026h5)°  0.0044h5," 0.0014h5,"
7 Plasma in groups 0.014h5) 0.030/5, 0.0072h7,
Gas component atz >~ 3
10 Lyman-alpha clouds 0.04h5, 0.05h5,"° 0.01h5,"°

hy9 — Hubble constant
in units of 70 km s~' Mpc™!

attracted widespread attention. Judging by the data of Alcock et al. (1997), we can state
that these are manifestations of objects whose masses are comparable to the solar mass,
i.e. MyacHO =2 O.ngéMo. Nevertheless, their nature remains problematic. Fukugita er al.
(1998) note that if MACHOs consist of baryons, then the maximum of the parameter €2
may reach Q2 macuo == 0.25. However, this evaluation only points to an upper bound, and its
reliability is uncertain. As a counter-example, we may cite the hypothesis that these objects
are massive black holes (Ivanov, Naselsky and Novikov, 1994) formed at the earliest stages
of the expansion of the Universe. Then the fraction of baryons in these objects should be
negligibly small, 2y, ~ 0 (see the discussion in de Freitas-Pacheco and Peirani (2004)).

1.3.6  Ly-a ‘forest’ for redshifts z >~ 3

In contrast to the current epoch, in which the main representatives of the baryonic
fraction of matter are stars, an analysis of the Ly-« lines in absorption spectra of quasars at
redshifts z >~ 3 makes it possible to evaluate the density of baryonic matter in the gaseous
phase. The abundance of such clouds and the density contrast in them depend on a specific
model of structure formation in the expanding Universe. It was shown in Rauch et al. (1997)
that for the theory to fit the observational data on Ly-o absorption lines, the baryon fraction
in clouds must be above QLy-ahz > 0.017 — 0.021. However, this estimate depends greatly
on the choice of the cosmological model (Fukugita et al., 1998). Hui ef al. (2002) came
to a similar conclusion, showing that the baryon density may reach Qph% ~ 0.045. In this
case, we speak about uncertainty characterized by a factor of 2, even though it could be
possible that all subsequent improvements of the models would lead to a significantly reduced
estimate.

The summary of the results of this subsection are given in Table 1.3 for the expected values
of density of the baryonic fraction of matter based on the above-listed observational tests and
on their theoretical interpretation.

Assuming Q,h” ~ 0.02 in order to estimate the total density of the baryonic fraction, it

Quh?

is not difficult to evaluate today’s concentration of baryons: n, ~ 2 x 1077 (W) cm™3. For
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comparison, the concentration of CMB quanta is 412 cm™, and therefore

£10 = 101072 — 2740, 2. (121)
ny

1.3.7  Cosmological nucleosynthesis and observed abundance of light

chemical elements

We mentioned in Section 1.1 that the effort to try to explain why the current chem-
ical composition of matter in the Universe is as we observe today was the starting point
for creating today’s cosmology and for expanding it. Beginning with the pioneering paper
of George Gamow and his colleagues, the theory of the cosmological synthesis of light
chemical elements was gradually improved, acquiring ever greater predictive power. We also
mentioned that the blackbody (Planckian) character of the spectrum of primordial radiation is
an indication that radiation and the e*e™ plasma were in electrodynamic equilibrium at some
point in the past. Inevitably this equilibrium had to break down after the e*e™ annihilation,
when the characteristic plasma temperature became comparable to T ~ m.c*/k ~ 10'°K.
Until that moment, the high concentration of electron—positron pairs, comparable to that of
gamma quanta, sustained the equilibrium not only between them, but also between the elec-
tron neutrinos, ve, and antineutrinos, Ve. In its turn, the presence of electron neutrinos (V. ve)
in the cosmological plasma maintains equilibrium between neutrons and protons in weak
interaction reactions (Hayashi, 1950; Olive, Steigman and Walker, 2000; Wagoner, 1973;
Wang, Tegmark and Zaldarriaga, 2002):

n+et < p+ 7 n+ve<p+e; n<p-+e v (1.22)

Since the typical weak interaction reaction rates, I' = {(o,p 47,¢), Where n, is the neutrino
concentration, are proportional to 7>, and the plasma temperature decreases with progressive
expansion of the Universe, it is clear that beginning with a certain moment, z,., the equilibrium
between protons and neutrons in weak interaction reactions should break down.? Formally, the
moment of ‘quenching’ of Eq. (1.22) can be found from the condition I'(¢,) - #, = 1. Detailed
calculations show (Olive et al., 2000) that the plasma temperature corresponding to time f,
is close to T'(t,) = 10'°K ~ 1 MeV. The residual ratio of neutron to proton concentrations
is given by the Boltzmann factor, (n/p) =~ exp (—Amc?*/kT,), where Am is the difference
between the proton and neutron masses. Immediately after quenching of the weak interaction
reactions, the merger of a neutron and a proton into a deuteron nucleus, n +p <> D + y,
becomes energetically favoured.

However, owing to a large number of quanta with energy E ~ 2.7kT (n,/n, ~ 10'9),
the deuterium photodissociation reactions become extremely efficient, and the equilibrium
deuterium concentration at the moment of quenching is extremely low. We have mentioned
earlier that, as the Universe expands, the maximum of the primordial radiation spectrum
shifts to lower temperatures. Note that in Wien’s segment of the spectrum the quantum
concentration decreases as exp (— k%) As the bounding energy of the deuterium nucleus is
Ep = 2.2MeV, itis notdifficult to find the critical temperature 7 = Tp, beginning with which

2 The dependence I' oc T? is readily obtained using the following argument. With particle energy ~ 1 MeV, the
cross-sections of the processes (1.22) are o o« E2, where E ~ kT is the mean neutrino energy. The neutrino
concentration, n,, in equilibrium with the plasma is close to the concentration of y quanta and, therefore, n, is
proportional to T3
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the photodissociation process becomes inefficient. This value of temperature corresponds
to the condition & ~"exp (— &) = 1, where £ = % ~ 107'% and yields the value Tp =~

0.1 MeV (Wagoner, 1973; Wang et al., 2002). The charactenstlc time counted off the start
of the Universe’s expansion is then close to #p ~ 10 s, which is of critical importance for
subsequent estimates of the upper bound of the abundance of cosmic He*. The point is
that between the ‘quench’ moment (#, ~ 1 s) of the weak interaction reactions (1.22) and
the ‘quench’ moment of deuterium photodissociation reactions, neutrons decay freely with
characteristic time 75 2~ 887 &£ 2 s (Olive et al., 2000). Therefore, the quenched concentration

of neutrons by the moment #p decreases to

(5),=() = (-3)
— ~|{—) expl—— ). (1.23)
ptD pz* N

Even if all the free neutrons bind later into He* nuclei, their mass concentration will be given
by

Xmax ~ 26 ~ 0.26. (1.24)
),

In reality, the He* content predicted in the course of cosmological nuclear synthesis is even
lower. The point is that immediately after ‘quenching’ of photodissociation processes, the
deuterium synthesis reaction n + p — D 4 y leads rapidly to formation of a deuterium peak
in the concentration of light chemical elements. In addition, reactions that transform deu-
terium into tritium and He? are immediately triggered:

D+D<p+T; D+D<—>He3~|—n;
D+n<T+y; D+n<Hel+y; (1.25)
He3+n<—>T+p;

followed by transformation to He*:

D+D<—>He4—|—y; D+He3<—>p—|—He4; D+T < He* +n;

1.26
HC3+HC3<—>He4—|—2p; T+p<—>He4+y; HC3+H<—>HC4+)/, ( )

Owing to the absence of nuclei with atomic numbers A = 5 and A = 8, the synthesis of Li,
Be and heavier elements proceeds through the following channels:

He’ + He* & Be’ +y; T+He* o Li’ +y;... (1.27)

Figure 1.9 plots the dynamics of synthesis of light chemical elements as a function of tem-
perature as it decreases in the course of expansion of the Universe. Figures 1.10(a) and (b)
plot mass concentration of Be” and B'~!!, respectively, as a function of the parameter 7.
Today’s values of mass concentration are given, without taking into account their possible
transformation in the course of formation and evolution of stars (Olive et al., 2000).
Roughly, these are the predictions of the current theory of cosmological nuclear synthesis
based on the ‘hot’ model of uniform and isotropic Universe. As we see from Fig. 1.10 (a) and
(b), the predictions of the theory with regard to current concentrations of He*, and especially
deuterium, are very sensitive to the current density of baryons, provided the temperature and
concentration of CMB quanta are known. Therefore, observational cosmology offers us a new
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Figure 1.9 Dynamics of synthesis of light chemical elements in the hot Universe. Adapted
from Taytler et al. (2000).
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Figure 1.10 The mass element abundances from the Big Bang nucleosynthesis as a function
of 1. (a) For He*, He?, Li’; (b) for Be?, B'” and B''. Solid lines for Be’ and B'? correspond
to uncertainties in the theoretical predictions. Taken from Esposito (1999) and Thomas

et al. (1993).

possibility of higher accuracy of calculation of the current density of baryonic matter based
on analysing the cosmic abundance of He*, D and Li’. Note, however, that this method is not
direct, mostly because light chemical elements are either synthesized (for example He*) or
will burn out in the course of evolution of the stellar populations of galaxies. Subsequently,
a detailed analysis of the possible channels of transformation of the primordial chemical
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composition of baryonic matter to its current state is one of the most important problems
of today’s astrophysics, attracting more and more attention from researchers. An additional
important factor that strengthens the hope of successful implementation of the program of
establishing the primordial chemical composition of matter is the following familiar observa-
tional fact: different chemical elements are contained in different types of objects in different
ratios. For instance, an analysis of UV absorption from the ground level (see references in
Olive et al. (2000)) detects deuterium mostly in cold clouds of neutral gas (HI regions). At
the same time, the abundance of He® can be determined by radioastronomical techniques
(similar to observing the 21 cm line) that detect He** that concentrates in clouds of hot ion-
ized hydrogen, HII. However, tritium is observed in absorption spectra of hot low-mass stars.
Naturally, the two most abundant isotopes of hydrogen, He* and D, play the main role in
determining the present value of the baryonic density in the Universe. Let us consider this
aspect of the problem in more detail.

Cosmic He*

We know that in addition to the cosmological nucleosynthesis channel, the He*
isotope can be synthesized in the process of stellar evolution, though in considerably smaller
amounts. Therefore, for greater certainty in identifying the upper bound of its cosmological
abundance, it was suggested in Izotov and Thuan (1998), Izotov, Thuan and Lipovetsky
(1994), Olive and Steigman (1995), Pagel et al. (1992), Skillman and Kennicutt (1993),
Skillman et al. (1994) that attention should be focused on analysing the He* content of
extragalactic HII regions characterized by undoubtedly low metal content. Since a sample of
such regions is composed of about 40 areas, the accuracy of determining Xye+ is sufficiently
high (~ 1%) (Olive et al., 2000). In fact, we are talking here, and later when discussing
lithium abundance, about He generated in nuclear reactions in primordial matter within the
first five minutes of the life of the Universe. Furthermore, as the lowest-metallicity areas
of the sample contain 2-3% of the solar abundance of He?, the recalculation of the mass
concentration of He* to its mean abundance has an uncertainty at the same error level (~ 2%).
For instance, the estimate of the mass concentration of He* made in Olive and Steigman
(1995) using low-metallicity HII regions (Pagel et al., 1992) yielded Yye+ =~ 0.234 & 0.003.
At the same time, Izotov and Thuan (1998) used a somewhat bigger sample and arrived
at Ypes =~ 0.244 £ 0.002. It is pointed out in Skillman, Terlevich and Terlevich (1998) that
the cause of the discrepancy between these two estimates may be the insufficient attention
paid to the collisional excitation of recombination lines of He* as it could result in reduced
Yhet =~ 0.241 £ 0.002. Added to this must be the effects related to the systematic effects, for
instance the uncertainty in the absorption estimates that result in increased He* content in
analysed areas. In view of these factors, we can arrive at a sufficiently reliable evaluation of
the cosmic abundance of He*: 0.228 < Yy« < 0.248 (Olive and Steigman, 1995).

Cosmic deuterium

It is generally accepted (see, for example, Olive and Steigman (1995) and references
therein) that the cosmic abundance of deuterium is one of the more reliable tests for identifying
the current density of the baryonic fraction of matter. First of all, in contrast to He?, the
cosmological abundance of deuterium essentially depends on the parameter &, which allows
us to narrow down the range of possible values of 2,42 and achieve an agreement between
the predictions of the theory of cosmological nucleosynthesis and the observational data.
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Furthermore, in contrast to He*, the cosmological deuterium can only decay in the course
of star and galaxy formation (Olive and Steigman, 1995). Therefore, those observations that
identify the maximum possible deuterium content (Epstein, Lattimer and Schramm, 1976) are
of special interest. It is curious that without taking into account the evolution of the chemical
composition of our Galaxy, deuterium content relative to hydrogen is evaluated using the UV
observation data (Linsky, 1998) as D/H ~ (1.5 £0.1) x 107, We also need to mention
recent measurements of deuterium abundance in Jupiter’s atmosphere (Mahaffy et al., 1998)
that yielded an estimate D/H =~ (2.6 +0.7) x 107>. An important place among the newer
methods of evaluating the cosmic abundance of deuterium is occupied by observations of
low-metallicity clouds at high (z ~ 2—4) redshifts. Spectra of the absorption system Q1937-
1009 (z ~ 3.572) were studied in Tytler, Fan and Burles (1996). It was shown that, in this
system, D/H = (2.3 £ 0.3) x 1073, For a similar combined object Q1009 + 2956, the value
D/H = (4.0 £ 0.7) x 107> was obtained. Summarizing the results of this study, we calculate
the 95% significance level interval for deuterium abundance to be as follows:

29x107° <D/H <4 x107°. (1.28)

The paper by O’Meara et al. (2001) that reports the measurement of deuterium in QSO
HS0105 + 1619 for z = 2.536 should also be mentioned. The abundance was calculated
for D/H = (2.54 £ 0.23) x 1073, We can say, with a degree of caution, that these estimates
result in placing the parameter 1o = 10'%7 in the range 4.2 < £y < 6.3. Taking into account
the dependence of 1, on the density of the baryonic fraction, we obtain

0.015 < Quh? < 0.023. (1.29)

Note that the uncertainty in choosing the range of the parameters &;p and €2}, could, in
principle, be minimized relative to cosmic lithium (Olive et al., 2000).

Lithium

The abundance of the Li’ isotope is evaluated from the data of observations of about
100 hot stars of population II. For such stars with high surface temperature, 7 > 5500 K,
and relatively low metal content (~ 0.05z¢), it is possible to determine the Li’ content
Li’/H = (1.6 £0.1) x 10~'° (Molaro, Primas and Bonifacio, 1995). However, it was men-
tioned earlier that the observed content of Li’ cannot in any way be interpreted as the primor-
dial level. We refer those who are interested in specific details to the original publications
(Cayre et al., 1999; Molaro et al., 1995; Ryan, Norris and Beers, 1999; Ryan et al., 2000).
Recapitulating on the results of theoretical predictions of the mass content of light chemical
elements and observational data concerning their abundance, we provide a summarizing dia-
gram (Fig. 1.11a) in which the evaluation errors are marked as grey rectangles. It is clear from
this figure that the optimum range for the parameter 710 is 1.5 < 119 < 6.3, which means that
the current density of the baryonic fraction of matter does not exceed Qph% = 0.023. Recal-
culated to the Hubble constant, Hy = 70 km s~! Mpc’1 (h = 0.7), this result is in excellent
agreement with the results of evaluating the baryonic density in the Universe from the data
on Ly-« clouds.

1.3.8  Global parameters of the present-day Universe
We have mentioned several times that the considerable progress made in cosmology
has been, driven not only by the detailed study of the spectrum of primordial electromagnetic
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Figure 1.11 (a) Theoretical predictions and (b) observational constraints on the abundance

of light chemical elements in the Universe as a function of the parameter 1. Adapted from
Olive (2000).

background, but also by the discovery of a number of novel phenomena and the improvement
in the already classic tests of observational cosmology. In this context, questions about what
the ‘dark matter’ (which provides most of the density of matter in space),’ really is what
its physical nature is, what its properties are and to what extent it determines the age of the
Universe, are still topical and important, and, furthermore, lead to a number of questions of
principal importance for astrophysicists. It is natural that the two most important parameters,
namely the current density of the ‘dark matter’ and the value of the Hubble constant, cannot
be treated separately from one another. On the other hand, the fraction of density carried by
the hidden mass, 24, and the Hubble constant, H, are the main parameters that characterize
the current expansion of the Universe and furthermore dictate the possible evolution scenarios
for its future. Moreover, we have already seen in the preceding sections that not only does
the value of the Hubble constant determine the age of the Universe, but that it is also a
normalizing parameter through which the current density of the baryonic fraction of matter
expresses itself.

In this subsection we mostly discuss the observational aspect of the problem of mea-
suring two global parameters — the density of the dark matter, 24y, and the Hubble con-
stant, Hy. Each of these parameters has a long and fairly dramatic history. We can recall
that between the mid 1940s and the end of the 1950s the calculated value of the Hubble
constant was higher than its current value by a factor of 5 to 10, which implied an anoma-
lously low age of the Universe. The ‘dark matter’ problem in astrophysics was formulated
slightly earlier, in the mid 1930s. On one hand, this matter manifested itself as a stabi-
lizer of the visible (‘luminous’) component of galaxies (Zwicky, 1957), but, on the other
hand, in the form of uniformly distributed component (the cosmological constant), this

3 We include in the density of the dark matter not only the invisible matter concentrated in galaxies and their
clusters, but also the uniformly distributed component — the cosmological constant, or quintessence (the
so-called dark energy; see below).
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matter increased the theoretically predicted age of the Universe (Kardashev, 1967; Shklovsky,
1965).

These problems are still relevant and important today, they and stimulate progress in novel
techniques that improve the accuracy of the evaluations of Hy and Q4y,. In this subsection we
briefly discuss the current observational status of these two most important global parameters
of the present Universe.

The Hubble constant

Itis amusing that the entire ‘dramatic clash of ideas’ of the last 20 years in connection
with the determination of the value of the Hubble constant takes root at the very beginning of
the 1980s (but was discernible even before that), when Sandage and Tammann, and practically
at the same time de Vaucouleurs, arrived at two mutually exclusive estimates of the value of
Hy. According to Sandage and Tammann (1982), Hy = 50 km s~! Mpc~!. According to de
Vaucouleurs (1982), the constant was twice as large, Hy = 90-100 km s~! Mpc~!. Curiously
enough, astrophysicists of the day were joking that if one wanted to know the value of the
Hubble constant, they should take the result of Sandage and Tammann, add it to the result of
de Vaucouleurs and divide by 2.

It was later found that this joke, as often happens, contained an element of, if not the
entire, truth. Namely, the current data relevant to the value of the Hubble constant and
based on the models of expanding photospheres of type II supernovas yield the value
Hy =734+ 9 km s~! Mpc~' (Schmidt, Eastman and Kirshner, 1994). The method of deter-
mining Hy from the retardation of the signal in gravitational lensing of quasars yielded very
similar values. Franx and Tonry (1999) found for the system 0957 + 561 the value Hy = 71 £+
7 km s~! Mpc~!. The effect of retardation was measured quite recently for three lenses,
namely B0218 + 357, B1608 4 656 and PKS 1830 + 211. Retardation time for the sys-
tem B0218 + 357 (Biggs et al., 1999) yielded Hy = 6973 km s~' Mpc~'. In B1608 + 656
the corresponding value was Hy = 64 7 km s~ Mpc™! for Q¢ = 0.3, and 59 + 7 km
s~! Mpc~! if the total density of matter in the Universe corresponds to Q4 = 1 (Koopmans
and Fassnacht, 1999). We must emphasize that the dependence of retardation time on Q4p, in
this technique is fairly weak, but must nevertheless be taken into account when processing
experimental data (Fukugita, 2000). In addition to the methods cited above for evaluating Hy,
we also need to mention such astronomical methods as observation of Cepheids, planetary
nebulae and type I supernovas using both land-based telescopes and, above all, the Hubble
Space Telescope.

Table 1.4 summarizes the data on the evaluation of the Hubble constant based on using the
above-described methods (see references in the table). The data are combined in the table
with the results obtained from gravitational lensing of quasars, yielding as a result the current
value of the Hubble constant (Fukugita, 2000):*

Hy=(14%7) x(l):ég kms~! Mpc™!, (1.30)

where the 10% error source in parentheses originates with the error of measuring distances
to the Large Magellanic Cloud (LMC), L"™¢ ~ 50kpc, which is the standard ‘unit’ for
measuring distances to cosmic objects. As we see from Eq. (1.30), the upper bound on
H, reaches the already mentioned value Hy >~ 90 km s~! Mpc~!, and the lower bound is

4 The upper index (1.15) corresponds to choosing the + sign and the lower index (0.45) to choosing the minus sign.
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Table 1.4.

Secondary indicators References Hubble constant (km s~! Mpc™!)
Tally—Fisher test HST-KP (Sakai et al., 2000) T1+4+7
Fundamental plane HST-KP (Kelson et al., 1999) 78 £8+£10
SBF HST-KP (Ferrarese et al., 1999) 69+4+£6
SBF Tonry et al. (2000) 77+4+7
SNela Riess, Press and Kirshner (1995) 677
SNela Hamuy et al. (1996) 63+£3+£3
SNela Jha et al. (1999) 6373¢

SNela Suntzeff et al. (1999) 65.6+1.8
SNela HST-KP (Gibson et al., 2000) 68+2+5
SNela Saha et al. (1999) 60+2
Combined value (see text) (64—78) 7

Hy ~ 60 km s~! Mpc~!. Note that the values of Hy close to Hy = 58 6 km s~! Mpc~!
were obtained in Tammann (1999) from the data of the velocity distribution in Type Ia
supernovae (SNela) using the Hubble Space Telescope. (For a review of the problem, see in
Jansen, Tonry and Blakeslee (2004). For new data on H, from the observation of the CMB
anisotropy, see Chapter 8.)

The Q4m parameter

The evaluation of the total density of matter in the Universe includes the estimation
of both the clusterized component, Q4,, and a possible diffusely distributed component that
is not included in the galaxies and their clusters and is spread uniformly through the Universe.
Following the tradition, we assign this component to the cosmological constant A (and the
corresponding parameter €2, ), the background of low-mass particles (for example, neutrinos)
or other physical fields whose presence in the current Universe is being actively discussed in
the literature (the so-called ‘quintessence’). Differences in the characteristics of the special
distribution of ‘dark’ matter dictate the differences in methods of detecting it. Note that in
this subsection we mostly concentrate on considering the observational manifestations of the
‘hidden mass’, leaving the discussion of various models of its physical nature to later sections.
In this context the ‘hidden mass’ interests us only as another source of gravitational field in
addition to baryonic matter and electromagnetic radiation, acting as a stabilizing factor for
the structural forms in the mass distribution that we observe.

Hidden mass in galaxies and clusters

Historically, the first objects that clearly demonstrated that there was a ‘virial para-
dox’ between the luminous and gravitating masses were the spiral galaxies, for which the
rotation curves V(r) are non-decreasing functions of distance from the centre (Fig. 1.12).
This behaviour of V(r) is an important observational confirmation of the hypothesis that a
massive component exists in these galaxies, which extends to scales that exceed the visual
size of the galaxies. The natural cause of this behaviour of rotation curves V() is the pres-
ence of a massive galactic halo containing a low-luminosity component. The existence of a
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Figure 1.12 Rotation curves for the galaxy M33. Dots with vertical bars are observational
data; solid curves trace the best-fit approximation of observations in models with different
contributions of stars of the disk (short dashed line), halo (dot—dash) and the gas (long
dashed line). Adapted from Corbelli and Salucci (1999).

background of weakly luminous matter (or matter emitting no quanta at all) also manifests
itself in the so-called ‘mass—luminosity’ test. The idea of this method is based on the relation
oG =~ I - (%), where pg is the density of matter in the galaxy, Ig is the specific luminosity
per unit volume and (%) is the mean ratio of mass to luminosity averaged over a given class
of galaxies. The specific luminosity, /g, in this formula is approximated fairly well by an
empirical relation Ig = (2.0 £0.4) x 1082 Lo Mpc~* (Fukugita, 2000). For galaxies with
characteristic scales § < 100 kpc, the value (%) approximately equals (1-2) x 10%h~! (IZ—S),
where the symbol © stands for solar units (Bahcall, Lubin and Dorman, 1995; Zaritsky et al.,
1997). Note that at the end of the 1970s and the beginning of the 1980s, it seemed that
the value of (%) grows as the mass of the object increases. Modern observations show that
this growth does indeed take place but, beginning with characteristics scales 200-300 kpc
corresponding to typical sizes of coronas of massive galaxies (Bahcall ef al., 1995; Calberg
et al., 1996), the curve reaches a ‘plateau’.

For galaxies with typical sizes below 100 kpc, the virial radius evaluated using the spherical
collapse model is given by ry = 0.13Q,%°(M/10'2M)'/? (Fukugita, 2000). It is typically
assumed that the distribution of ‘dark matter’ inside r is isothermal. Then, (%) ~ 150-400.
Note that this value is practically the same as the value one finds for groups and clusters
of galaxies (Fukugita, 2000). Using the relationships presented above, we can evaluate the
parameter 24y, in the framework of the method outlined above. According to Fukugita (2000)
and Fukugita et al. (1998), it is close to Qg =~ 0.21'8:%. A more reliable estimate of Qg =~
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0.19 £ 0.06 was obtained in Calberg, Yee and Ellingson (1997), where the galactic field
method was used. However, the error depends essentially on assumptions about the nature of
the dark matter distribution outside galaxy clusters. We see that uncertainty of evaluations is
fairly high; nevertheless, the fact that the value of 24, does not exceed 40% of the critical
density is fairly significant.

Another method of finding the density of dark matter is the so-called ‘peculiar velocity
versus density’ test based on the relationship of a perturbation of the Hubble velocity of matter
(v) and a perturbation of matter density, § = §p/p, in the expanding Universe (Peebles, 1983):

AV + HyQ5%8 = 0. (1.31)

Small-scale peculiar motion of matter (» < 1 Mpc) and the density, §, evolve in a non-linear
mode. For these scales, an analysis of the relation ‘0 — 8’ is based on the so-called cosmic
virial theorem, in which it is assumed that the peculiar accelerations occurring on small
scales between pairs of galaxies are balanced out by their relative motion velocities. Using
this approximation, it is possible to evaluate rather crudely the parameter 24,,(10 kpc < r <
1 Mpc) >~ 0.15 £ 0.10 (Peebles, 1999a). On scales exceeding 1 Mpc, density perturbations
and matter velocities evolve linearly (Jv| < ¢ and § < 1). In this case, the value Q4 >~ 0.2
was obtained using, for instance, the data on the velocity field of galaxies in the neighbourhood
of the Virgo cluster (Davis and Peebles, 1983). However, it is necessary to emphasize that
attempts to evaluate Q4 from the data on large-scale matter—velocity field typically result in
large systematic errors and often yield mutually exclusive results (see, for example, Dekkel
et al. (1999) and Hamilton (1998)).

One of the factors leading to this situation is the fact that the field of velocities, v, and
density perturbations, dg, are detected using the luminous matter in galaxies and clusters, dq,
while Eq. (1.31) deals with the total density, 24n,, and its perturbations, §. By introducing a
normalizing parameter b = §g/4, we find from Eq. (1.31) that the velocity field is directly
related not only to Q24m, but also to the parameter b that indicates to what extent luminous
matter represents the distribution of the hidden mass. Another important factor is found in
the errors of determining the field of peculiar velocities and, as we have already mentioned,
uncertainties in determining the distance scale.

In addition to the methods outlined above, techniques for indirect determination of Q4 are
rapidly progressing; they are based on models of specific effects. Among them we find first
of all the direct analysis of the spectrum of density and velocity of matter perturbations on
scales up to 10—100 Mpc (Peacock and Dodds, 1996), an analysis of formation of the current
abundance of galaxy clusters (Viana and Liddle, 1999; White et al., 1993), an analysis of
the power spectrum of density fluctuations on small scales » < 3 Mpc (Peacock, 1997), and
some others.

At the same time, a very important factor that gives a measure of today’s density of not
only the hidden mass, but also of the diffusely distributed component is the evaluated age
of the Universe, 7y. In this case, it is not enough to know the density of matter confined to
galaxies and clusters; we need to take into account all possible types of diffusely distributed
matter. Traditionally the nature of this ‘hidden mass’ of the Universe was identified with the
cosmological term A that characterizes the energy density and pressure of the vacuum.

The idea that is being actively discussed these days is that the age of the Universe can
be affected not only, and not so much by, the vacuum; in principle, any highly uniform and
isotropic physical fields may act as sources of ‘negative’ pressure. We leave these novel
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Table 1.5.
Qim 0.2 0.3 0.2 03 1.0
Q4 0 0 0.8 07 0

ty(10° years) 12 11 15 135 9

cosmological hypotheses to subsequent chapters and concentrate now on discussing the
cosmological model with the A term, nowadays a standard model, which reflects the main
features of the effect of diffusely distributed dark matter on the age of the Universe.

Within the model of the on-average uniform and isotropic Universe, its current age is related
to the parameter Q4 as follows (Kolb and Turner, 1989; Zeldovich and Novikov, 1983):

QimH;" _ _
ty = it [cos 25— 1) = 2 (Qun — 1)1/2] for Quy > 1,

QimH! _ _
ty = gt [Qidm(l — Q)2 — cosh! (205 — 1)] for Quy < 1, (132)

ty = 2/(3Hp) for Qgm = 1.
These expressions hold if the dynamics of expansion of the current Universe is dictated
by the dark matter, A = 0. For a non-zero cosmological term and assuming Q25 + Qgn = 1,
the expression for #yy changes to (Kolb and Turner, 1989):
2 1+ Q)2
= n .
3HQY? 11—l

tu (1.33)

Assuming Hy = 70kms~' Mpc ™! to be the value of the Hubble constant in the evaluations
to follow, we immediately obtain from Eq. (1.32)—(1.33) several characteristic values of the
theoretically predicted age of the Universe.

Let us compare these theoretical predictions with estimates of the age of the Universe.
One of the classical, but unfortunately still imprecise, tests is the time scale of decay of
heavy isotopes: Th232(r ~20.3 x 10° years); U?3(r ~20.3 x 10° years); U?8¥(7 ~ 6.8 x
10%) years; and Rb¥ (t =~ 69.2 x 10° years). The crucial point of radiocosmochronology is
the prediction of the possible initial contents of these elements or their ratios using models of
stellar evolution and the comparison of the observed abundances with the predictions of the
theory of nuclear decay. Unfortunately, the age of the Universe is evaluated by this technique
very imprecisely: ty ~ (10-20) x 10° years (Kolb and Turner, 1989), which, in fact, supports
any of the models given in Table 1.5. Thus this test proves unsuitable for comparing the value
of Qg with the hidden mass density found from brightness curves of SNela Supernovas
(Riess et al., 1998; Schmidt et al., 1998).

If Euclidean geometry is applicable and the Universe is stationary, the distance to the
supernova is evaluated from its own luminosity, /, and the observed flux, F":

D ! . 1.34
L=\1-7F . (1.34)

In terms of the observed (m) and absolute (M) stellar magnitudes, this distance corresponds
to

w=m—M =5log D + 25. (1.35)
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Figure 1.13 The 2, — Q2 diagram (see explanation in the text). Adapted from Perlmutter
and Schmidt (2003).

On the other hand, in a cosmological model with non-zero vacuum constant Q5 # 0, the
same distance is given by

Dy = cHy '(1+ 2)|S] 72 Sinn {md% /dz [(1+ 21 + Quz) - z(2+z>QA]2} ,

(1.36)



1.3 Baryonic component of matter in the Universe 31

Figure 1.14 (a) m — M (mag) as a function of z for a number of models of 2, and Q4.
(b) Difference A(m — M))/ M (mag). Adapted from Perlmutter and Schmidt (2003).

where @, =1— Qy — Q2 and Sinn = sinh for Q; > 0 and Sinn =sin for 2, <0. A
comparison of Eq. (1.34) with Egs (1.32)—-(1.33) makes it possible to extract from the
SNela data in an independent manner both Qy vs €25 and the value of Hy. The corre-
sponding €2, vs 2, diagram is plotted in Fig. 1.13. In Fig. 1.14 we plot m—M as a function
of z.
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Table 1.6.
Q
Primary sources
‘Dark energy’ (A-term, quintessence) 1070101
Non-baryonic hidden mass in galaxies and clusters ~ 107073+02
Baryonic fraction of matter 10~!3+01
Primordial neutrinos 102408
Thermal radiation 10~+15
Energy of gravitational bonding ~—107
Energy release during structure formation
Energy of gravitational bonding:
Relativistic ~—107%4
Stellar ~—10778
Galactic ~—10783
Nuclear bonding energy:
Helium 1075605
Heavy elements 10759+03
X-ray radiation ~—10783
Optical/near IR ~—10"°
Far IR/ submillimeter radiation ~—107

To conclude this chapter, we briefly recapitulate the main results of determining the values
of the most important parameters using classical astronomical methods. These methods do
not include those techniques that are based on using the primordial background radiation as
a kind of probe of the early stages of cosmological expansion. For this purpose, we use the
data of Table 1.6 taken from Peebles (1999b) (see also de Freitas-Pacheco and Peirani, 2004).
In fact, these are the very values of parameters with which modern cosmology enters the era
of ‘precision cosmology’, increasing the accuracy of classical methods and adding a new
tool: measuring anisotropy and polarization of background radiation in order to construct a
realistic theory of structure and evolution of the Universe. Chapter 2 is devoted to describing
this approach to cosmology research.
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Kinetics of electromagnetic radiation in
a uniform Universe

21 Introduction

When discussing the observational status of modern cosmology in Chapter 1, we
emphasized that the spectrum of primordial background radiation corresponds in ahigh degree
to the equilibrium Planck distribution of quanta with temperature 7, = 2.735 K (Fixsen et al.,
1996). Although possible deviations from the equilibrium distribution function of quanta must
be extremely small (< 10~*), they may contain information on processes of energy release
both in the early Universe and at stages that are closer to the current phase of cosmological
expansion. Let us recall that the blackbody spectrum of primordial background radiation
provides evidence that in the past there existed a local thermodynamic equilibrium between
plasma and photons, at least at temperatures 10'° K (Kolb and Turner, 1989; Zeldovich
and Novikov, 1983). An indirect confirmation of this is found in the predictions of the
theory of cosmological nucleosynthesis. However, this test is only sensitive to substantial
deviations of the spectrum from Planck’s curve (% ~ 0. 1—1) while the current experiments
predict the level of deviations by almost three orders of magnitude smaller than that indicated
above.

The factor that exerts the decisive influence on the spectral characteristics of primordial
background radiation is the interaction of quanta with the electron—positron plasma (at plasma
temperatures above the threshold of electron and positron creation, Ty > 2m.c?/k) and with
a background of random electrons (at relatively low temperatures T < ”‘ET"Z).

Possible deviations from the equilibrium energy distribution of quanta are damped in
the range T, < meT‘z ~ 5 x 10° K owing to the Compton scattering (y + € <> ¥ + ¢) and the
double Compton scattering (y + e — y + e + y). Moreover, processes of electron scattering
on nuclei (e + A <> e + A + y), play an important role and help maintain the equilibrium
nature of the background radiation spectrum (Rephaeli, 1995; Sunyaev and Zeldovich, 1970a;
Zeldovich and Novikov, 1983; Zeldovich and Sunyaev, 1969). It is natural that the method
of ‘freezing’ Planck’s frequency distribution function for quanta should be valid only if
the thermal balance between electrons, positrons and radiation is in fact a thermodynamical
equilibrium so that plasma at large redshifts lacks efficient sources for ‘pump-feeding’ energy
to the plasma. We can point to decays of long-lived massive particles (decay halftime > 107 s),
the dissipation of adiabatic perturbations of density and velocity of plasma, the evaporation
of primary black holes with masses 10° < M < 10'3, and some other processes, such as
hypothetical sources at high z ~ 10°-107.

As sources of spectral distortions of primordial radiation background at relatively small
redshifts, z <« 10°, we can point to young galaxies and quasars, pregalactic massive black
holes and some others. Finally, at z < 5-10 and up to our epoch, spectral distortions of

33
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primordial radiation background in the direction of a galaxy cluster are formed as a result
of interaction with the hot gas at relativistic temperatures, ~107"8 K. These distortions are
experimentally observed and lie at the foundation of one of the novel methods of determining
the Hubble constant (see references in Fukugita, Hogan and Peebles (1998)). Consequently,
this chapter is devoted to analysing Compton distortions of the spectrum of primordial radi-
ation background at various stages of cosmological evolution and to comparing theoreti-
cally predicted variations in frequency distribution function of quanta with observational
data.

2.2 Radiation transfer equation in the Universe

When using a kinetic description of the spectral properties of the cosmic microwave
background radiation in the expanding Universe, we make use of the quantum transfer equa-
tion in its most general symbolic form,

df

— =S5f1+ I, 2.1

dr
where f(t, X, p') is the distribution function, S;[ f] is the collision integral describing the
transformation of the distribution function as a result of interaction with electrons, I, is
the quantum source function, X are the space variables and p'’ is the energy—momentum
four-vector (i =0, 1, 2, 3).

For a uniform and, on average, isotropic Universe, the geometric properties of spacetime

are completely characterized by fixing the interval

ds? = gip dx’ dx* = —dr? + (@*(1)&,, dx™ dx”, (2.2)

where g; is the metric tensor of four-dimensional space, &, is the metric tensor of the three-
dimensional space and a(¢) is the scale factor; the Latin indexes run through the values from
0 to 3, and the Greek indexes run from 1 to 3.

The left-hand side of Eq. (2.1) describes the free distribution of photons in the absence of
collisions and external sources:

d d af dx* af dy*  af dp°
df _of of &F  of dy  Of dp
dr ar  dxt dt ayH dr apy dt

(2.3)

The following notation was used in this equation: y* = a(p*/p), p*> = p;p' and dx*/dt =
p*/p% dp°/dt = —(a/a)p. For a uniform and, on average, isotropic Universe, only the first
and the last terms on the right-hand side of Eq. (2.3) are non-zero. Let us turn to analysing
the collision integral for Compton processes. We assume, first of all, that the temperature
of the electron gas is definitely below the relativistic limit T, ~ 5 x 10° K. Furthermore,
if z « 10°, the radiation temperature is also below T and, therefore, the Compton limit
for the interaction cross-section can be used when describing the ey scattering. Also, the
energy transfer from electrons to radiation at T, < T, changes the frequency of quanta by
the quantity

Al)NKTe T <1 AP<<1
Vo me T P '
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Under these assumptions, the collision integral in Eq. (2.1) is, as shown in Hu (1995), Hu
and Silk (1993) and Hu, Scott and Silk (1994), given by

B 1 / d3q d3q/ d3p/
~ 1627)°E(p) ] E(q@)E(q)E(p’)
x8Yp+q—p'—q" 24)

) Lt XX PO+ [ X, P = felt, 2.9 f (. X, P+ £, %, PO}
where |M|? is the matrix element for the Compton scattering of quanta by electrons, §®(p)
is the Dirac delta function, f(z, X, p) is the photon distribution function, and f.(z, X, q)
is the electron distribution function. Again following the work of Hu and colleagues (Hu,
1995; Hu and Silk, 1993; Hu, Scott and Silk, 1994) we consider the equilibrium distribution
of electrons over momentum ¢ in the neighbourhood of a certain mean value of m.v, that
describes possible large-scale matter fluxes. Obviously, no such direction of plasma flow
exists in the cosmological formulation of the problem (¥, = 0 owing to the isotropy and
uniformity of the Hubble motion of the medium). However, when analysing various types of
non-equilibrium sources of plasma heating, and also in analysing the motion of the hot gas
in galaxy clusters, situations when v, # 0 become possible.

In the general case, therefore, the Maxwellian momentum distribution of electrons has the
following form:

Si[f] IM(p.q.q', p)I?

2.5)

- = N\2
£t 3.8) = QrPPne@rmT) > exp [—w} :

2m.T,
where m. and T, are the electron mass and temperature, respectively. !

In the electron’s rest reference frame, the scattering matrix element has the following form
after averaging over the photon’s polarization:

2 _ 2o [P P L2
IM|” =8Q2n)a” | =+ = —sin"B|. 2.6)
p p
The tilde denotes the choice of the reference frame, o« = % is the fine structure constant, E

is the scattering angle in the chosen reference frame,

1'3»: l_ﬁ"—j/pme .
V1 —q?/m?
and the relation p, - p™* = p, - p’* fixes the dependence of the scattering angle on the
particles’ momenta.

As we see, the matrix element of scattering of quanta by electrons in the form of Eq. (2.6)
describes only the first term of the expansion of |M|? in the parameter «? that takes into
account only the Coulomb and Compton processes. An analysis of inelastic processes that
emerge in the order o’ was given in Bernstein and Dodelson (1990), Hu and Silk (1993),
Lightman (1981). Following Hu and Silk (1993), we use the expansion of the matrix element

2.7)

! Here and later in this section we use the 7 = ¢ = k = 1 system of units.
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of |M|? in the parameter ¢/m. < 1:

3
_ 2 2
IM|? = 8Q27)%a ZI +0<me> , (2.8)

i=0
where

pudind = 2
Ip = 1+cos®B; I} = —2cos B(1 —cos,6)|: apr +ﬂ];

mep — mep’
PE
I, = cos B(1 —cos B)—; 2.9)
me
Gp)ap).
mgpp’

- o - 92
I3=(l—cos;6)(1—3005,3)[qp n qp/} +2cos B(1 — cos B)
m mep

ep e

2
Iy =(1— cos,B)zp—z.
me
Likewise, the following expression for the electron energy in Eq. (2.4) is obtained by taking
into account Eq. (2.7):

| E@ [1 ¢ -P)d (ﬁ—ﬁ’)z} +0(i>3. 2.10)
ne

E(q") m? m? m?2 2m?

Finally, the Dirac é-function that we find in Eq. (2.4) can also be written as a Taylor series
expansion in the parameter ¢ /m. < 1, as follows:

, R ,
8 p+qg—-p —q)=8p—-p)+ GO, 7. Dp [8—17,8(17 —p )}

1 32 3
+=G@ PP |~ —p)|+0(L) . @I
2 ap me

where G(p, p',q) = ,,%p[(f —7) -4+ (p — P')*]. Integrating Eq. (2.4) over the momenta
of the electronic component and taking into account the normalizations,
3G 3G

(2 )3fe(CI) (2 )3

q' £:(q) = mevine;
(2.12)

any 4 fe(@) = mevivine + mT8ne,

where §'/ is the Kronecker delta, we arrive at the following expression for the collision integral
(Hu and Silk, 1993):

d 3dQ
sifi= [ ”’f ZH(f) 2.13)

where the function H[ f] describes the following processes.

Thomson scattering

Holf1=8(p — p)(1 +cos’ BLf (1, X, P) — f(t, %, P)]. (2.14)
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Linear and quadratic Doppler effects

9 Ll
Hilf]= {[8p,5(p — 17’)] (1 + cos® B) v(pp’)

/ Beﬁ 1_5617/ - o oy
—3(P—P)-2C05ﬂ(1—008ﬁ)[ » + p/ ]}~F1(t,x,17,17), (2.15)

2

1T 9 L,
Hf]= {5 [WS(P - p’)} (14 cos? B)[ve(p — p')’]

a 12 Beﬁ 5Cﬁ, - - =/ - o5 oy
- FS(p—p) -2 cos B(1 — cos B) + ——| e(p—pNFi(t, x, p, p)
P P P

(Ue - P)(@e - P)

+8(p—p) {_(1 —2cos B + 3cos® B)v2 + 2cos B(1 — cos B) -

D . » D . 272
(1 —cos B)(1 —3cosﬁ>[ﬂ+ = ,p] }Fla,f,ﬁﬁ’), 2.16)
p p

where Fi(t,x,p,p) = ft,x,p) — f(t, X, D).

Thermal Doppler effect and ‘recoil’ effect
In the absence of a directional electron flux v, the thermal velocities of the electrons
of order (q/m.)?* result in the same dependence of H,(f) on thermal energy, (v3) = %, as
does the quadratic Doppler effect, Eq. (2.16). For the isotropic photon distribution, this effect
is known as the Zeldovich—Sunyaev effect (Zeldovich and Sunyaev, 1969). The corresponding
expression for the function HY [ f] has the following form:
= =IN2
w —2cos B(1 — cos’ B)

82
Hs[f]= {[apQS(p - p’)] (1 + cos® B)

X (4cos’ B —9cos’ B — 1)(p — p) x |: i

’ Te > o5 oy
a /5(p_p) _Fl(tv-xvpsp)-
p me

(2.17)

Subsequent sections within this chapter treat the Zeldovich—Sunyaev effect in astrophysics in
more detail. The effect of ‘recoil’ of electrons plays an important role not only in analysing
the quadratic effect, but also in e—y scattering at thermal energies close to the energies of
photons. In this case, according to Hu and Silk (1993), the corresponding term in Eq. (2.13)
is given by

55"

— B, %, p, p), (2.18)
2me
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Where FZ(tafvﬁvﬁ,) = f(tv)_évﬁ) + f(t5£’ﬁ/) + Zf(t,)?,ﬁ)f(t,x,ﬁ,).TherefOre
Eqgs (2.13—(2.18) provide an exhaustive mathematical formulation of the problem of finding
the form of the collision integral in the first order in the parameter « and up to the second
order in the parameter g /m. < 1.
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In this chapter we are mostly interested in applications of the theory of radiation transfer,
dealing with spectral distortions of the initial Planck function of quantum distribution. The
mathematical formulation of the problem is discussed in more detail in the following section.

2.3 The generalized Kompaneets equation

We shall consider the interaction of uniformly distributed radiation with electron
plasma, assuming deviations of the distribution function from the equilibrium value to be
small. In this approximation, Eqs (2.4)—(2.18) yield the transfer equation for quanta in the
absence of sources which, after integration over momenta p’, takes the form (Hu and Silk,
1993; Zeldovich and Sunyaev, 1969, 1970):

af a of A
a ;Pa—po = Tr {—}/Uepg + [(70e)* + vez]
af 3, 11 __ ] ,0f
Xpap + [20%, + 2O(J/ve) }p ap?
1 9 3
+ 2—[1)4{Te—f+f(1+f)”}. 2.19)
mep* dp op

Here, r{ = orn., o = STa? / 3m§, is the Thomson cross-section. This equation is obviously
the generalized Kompaneets equation that includes possible microscopic fluxes in the medium
in addition to the thermal motion of electrons.

Note that microscopic motions of matter in a uniform and, on average, isotropic Universe
are either completely absent (v, = 0) or are of random nature such that (v,) % 0but (|v,|*) =
0. In this case, Eq. (2.19) takes the following form (after averaging over the scales of possible
peculiar motions):

of _a odf _ (53>Li<4ﬂ) L 9 4{ of ”
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(2.20)

Letus first consider the effect of heating of electrons on the CMB spectrum assuming (ﬁg) =0.
After asubstutitionx = p°/T, on the left-hand side of Eq. (2.20), we make use of the condition

Ty /T, = —a/a, where T, is the radiation temperature. Then we ultimately obtain
aof , 10 [ 4/0f af d T
— =y —=— - 1 ——In——, 2.21
ar 2 x2ox [x ox TTUED) e e 221)

where y' = n.or(T.m.). When analysing Eq. (2.21), we shall neglect the last term. This
approximation can be used because the characteristic time of the Doppler shift in the frequency
of quanta, T ~ a/a, is practically identical to the cosmological times, whereas the processes
of heating of electrons and energy exchange between electrons and quanta have considerably
shorter characteristic times. This aspect is discussed in more detail in Section 2.4. To conclude
this section, we note that in Eq. (2.21) we can convert from differentiating with respect to the
variable ¢ to differentiating with respect to y:

T;
y = f neor— dr. (2.22)

me
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It then follows from Eqgs (2.20) and (2.21) for the quantum distribution function f(x, y) that

o =x_zi [x4 <%+f(1+f))i|' (2.23)
ay ax ax

This equation was first derived by Kompaneets (1957), and its astrophysical applications
were studied in detail in Sunyaev and Zeldovich (1970a,b, 1972) and later in Illarionov
and Sunyaev (1975a,b). Let us emphasize two important features of Compton interactions
between quanta and electrons. First, as follows from Eqs (2.20)—(2.22), this process conserves
the total number of quanta. Multiplying the left- and right-hand sides of Eq. (2.20) by x> and
integrating over x from 0 to co, we easily obtain

%(nya3) o /dx x2S [f1=0, (2.24)

where n, is the photon concentration.

This result allows very clear interpretation (see Zeldovich and Sunyaev (1969), (1970)).
Since the dynamics of the process is accompanied by a redistribution of quanta, it is clear
that the reduction in the number of quanta in one frequency range results in the emergence of
quanta in another range, so that the total concentration does not change. The second important
consequence follows from Eq. (2.20) if it is multiplied by x> and integrated over x:

4 o)
i(sya“) = 4%% [1 L. / dx x*F(1 + f)] (2.25)
0
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Here, ¢, is the radiation energy density. The first term in the square brackets corresponds to
the thermal Compton effect, and the second describes the ‘recoil’ effect (Hu and Silk, 1993).

24 Compton distortion of radiation spectrum on interaction with

hot electrons

In this section we discuss one of the most important applications of the theory of
the Zeldovich—Sunyaev effect to the interaction model of cosmological ‘hot’ electrons with
quanta of primordial background radiation. In the 7;, >> T, approximation, it is convenient to
transform Eq. (2.23) from variable x = p/T. to§ = p/T, and to ignore on the right-hand side
those terms that are proportional to f(f + 1)(7, /T¢). This operation transforms Eq. (2.23)
as follows:

of .23 [.40f
oy~ ° o [E as]' (220

Following Sunyaev and Zeldovich (1970a), we can apply perturbation theory in order to find
a solution of this equation in the limit y <« 1, after substituting the non-perturbed Planckian
expression for fo(x) = (e* — 1)~ ! into the right-hand side of Eq. (2.26). After this, we obtain
from Eq. (2.26) the following expression for the perturbation, A f, of the distribution function:

e xy X _
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and

Af xe* X
— = —4:. 2.28
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In the Rayleigh—Jeans asymptotics x < 1, Eq. (2.27) immediately yields
Af 8Ty
fo o Tw

In the general case, the deformation of the quantum spectrum can be presented in the integral
form for any value of the parameter y and for any x (Sunyaev and Zeldovich, 1970a):

= —2y. (2.29)
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where, as before, f,(0, &) = (¢f — 1)~!. Multiplying f(x, y) by x> and integrating in the
entire domain of variation of x, we arrive at the well known expression for the radiation
energy density,

e, (y) =0Ty, e, 231

where T, is the non-perturbed value of temperature. Since the Compton effect results in
reduced temperature in the Rayleigh—Jeans range, and therefore lowers energy, it is clear that
the increase in quantum energy density, Eq. (2.30), corresponds to accumulation of quanta in
the Wien range of the spectrum. This factor was first pointed out by Sunyaev and Zeldovich
(1970a). Figure 2.1 shows the spectrum of the CMB in the Zeldovich—Sunyaev approximation
for various values of the parameter y. Leaving aside a discussion of the possible mechanisms
of electron heating, we can present the dependence of the effective temperature on frequency
and the parameter y in the most general case, as shown in Fig. 2.1. An analysis of this plot
will be conducted in the following section, in which we discuss relativistic corrections to the
Zeldovich—-Sunyaev effect.

2.5 Relativistic correction of the Zeldovich—-Sunyaev effect

The effect of scattering of quanta by hot electrons in the approximation of diffu-
sion of quanta in frequency from the Rayleigh—Jeans range to the Wien range, discussed in
Section 2.2, is of utmost importance, both for the understanding of the mechanisms of spec-
trum transformation in the early Universe, and for describing the interaction of quanta of
the CMB with the hot gas in galaxy clusters. The key element in the description of quantum
diffusion is the use of the parameter y as the time variable (see Eq. (2.22)); y is a function
both of the optical depth of the plasma and the electron temperature 7.

In this section, we are interested in two aspects.

(1) How correct is it to use the diffuse approximation in the case when the optical depth of
the plasma relative to the Thomson scattering is small (7 < 1)?

(2) What are the quantitative changes in the predictions of the diffuse approximation as the
temperature of the electrons increases to several tens of keV? In other words, what will
the behaviour of the radiation spectrum be in the limit y < 1 if the parameter 7, /m. is
not too small?

Note that this formulation of the problem attracted careful scrutiny immediately after the
publication of Zeldovich—Sunyaev papers (Zeldovich and Sunyaev (1969) and then Sunyaev
and Zeldovich (1972)). Interest in the relativistic correction of the Zeldovich—Sunyaev effect
was largely stimulated by the discovery of galaxy clusters with gas temperature up to 15 keV;
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Figure 2.1 Comparison of the intensities Al /7 (in units of hc?/2k*T?) in the
Zeldovich—Sunyaev approximation (thin solid lines), taking into account relativistic
corrections (thicker curves). The numbers above the curves denote electronic temperatures

in keV. The intensities A7/t are given in units of (hc)?/2(kT)?. Adapted from Rephaeli
(2001).
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on the other hand, the high precision of measurements of primordial radiation background
using the DERBI and FIRAS instruments in the COBE project (Fixsen et al.,1996) makes it
necessary to return again to the basics of the Compton theory of quantum interaction with
electrons. As a result, we follow Rephaeli (1995) and Wright (1979) and assume that the
smallness of the parameter y is especially due to the smallness of the optical depth of the
plasma relative to the Thomson scattering, 7.

Following Wright (1979), we analyse this scattering of a quantum by an electron in the
Chandrasekhar approximation (Chandrasekhar, 1950). The probability of scattering of a
photon moving in direction 6 (1 = cos8) before being scattered by an electron moving in
direction 8’ (1’ = cos 6") after the act of scattering, has the following form (in the reference
frame of the electron at rest):2

3 1
S, ', B) = 3 [1 + uPpu* + S - pA( — /ﬁ)} : (2.32)

where B = v/c. The scattering by an electron results in a frequency change of the quantum,
characterized by a parameter S,

’ 1 ’
S:lnv—=1n< +ﬁ“>, (2.33)
v 1—Bu

where v is the frequency before scattering and v’ is the frequency after scattering. After
integration over the initial angles of arrival of quanta, we obtain from Eqs (2.31) and (2.32)
the probability for this process to occur (Rephaeli, 1995):

1 I+ B (u, ', B)
P(S, B) = 28 fdu 0= Buy , (2.34)

where y is the electron’s gamma-factor. Integrating Eq. (2.33) over the electron distribution
function, we arrive at the distribution function for the shift of the quantum frequency per
scattering act (Rephaeli, 1995):

[dB - B2yiefvDp(s, B)
f B2ySe—¢(r=1dp ’

where £ = mec? /kT.. Taking into account the fact that T < 1, we can write the distribution
of quanta over frequency in the following form:

Py(S) =

(2.35)

P(S) = (1 —1)8(S) + T P,(S) + O(z?), (2.36)

where the first term in Eq. (2.36) describes the effect of scattering with frequency unchanged
and the second term describes the change in frequency in a single-scattering event. As
a result, taking into account single Compton scattering, we have, for the spectrum of
radiation,

Al = I(x)t[D(x, &) — 1], (2.37)

2 In this section, we use the conventional system of units.
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where Ip(x) = [2(kTp)> /(hc)z]x3(e" — D)~! is the spectral energy density of blackbody
radiation,

(x, £) = AE)p1(x, §) + @a(x, E)],
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Detailed information about the calculation of the function ®(x, &) is given in Rephaeli (1995)
along with the numerical calculation of the function A/ (x, £). Note an important conclusion
that follows from Eq. (2.37): in the general case, there is no self-similar solution for arbitrary
values of the parameter x. Intensity perturbations, Al, of Eq. (2.37), as well as temperature
perturbations,

AT e*—1

— = T[D(x, &) — 1], (2.39)
TQ xe*

are functions of t and &; to be precise, functions of the combination 7f(§). This effect
manifests itself best for x > 5-6 (see Fig. 2.1). Figure 2.1 plots the frequency distribution
for the function A/t calculated in the Zeldovich—Sunyaev approximation (Zeldovich and
Sunyaev, 1969) and also from Eqs (2.37) and (2.38) (Rephaeli, 1995). As we see from this
figure, deviations are considerable in the frequency range x > 6. At the same time, it follows
from Eqs (2.38) and (2.39) that, as x — 0, the function ®(x, £) = —£ ! and, for kT, /m.c? =
constant, we arrive at Eq. (2.29).

A similar derivation of the relativistic correction of the Zeldovich—Sunyaeyv effect is given
in Challinor and Lasenby (1997), where it is also shown that temperature deviations for the
low-frequency part of the spectrum have the following form:

ATgy
Ty

_ _H -1 g—z -3
= 2y|:1 105 —1—405 + O )i|. (2.40)

As we see from this expression, the self-similarity effect breaks down in the first order of the
parameter £ ' « 1. Detailed numerical calculations of correction terms were carried out in
Dolgov et al. (2001) and Itoh et al. (2001).

The relativistic correction of the defuse approximation is thus found to be the most
important aspect of the analysis of possible spectral distortions in the Wien range of
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the spectrum, where stronger distortions are formed as the temperature of electrons
increases.

2.6 The kinematic Zeldovich—-Sunyaev effect

In addition to cosmological applications to the effect of comptonization of the
CMB spectrum when it interacts with hot electrons, its astrophysical aspect has an important
practical significance. We speak here of the interaction of the quanta of the CMB with the
hot gas in clusters of galaxies whose temperature may be as high as 10% K. The thermal
Zeldovich—Sunyaev effect in the Rayleigh—Jeans range of the spectrum is then described by
the following formula:

ATgy 2kT,

= - T, 241
To mec? (241)

where = [ dl on.(r) is the optical depth relative to the Thomson scattering, measured
along the line of sight. However, as shown by Sunyaev and Zeldovich (1980) when analysing
the interaction of quanta of the CMB with the gas in galaxy clusters, it is necessary to take
into account the Doppler shift of the frequency of quanta caused by the motion of a cluster
as a whole relative to the background radiation. In this case, the change in the intensity of
radiation is given by

Al xe* v,

— =- - T, (2.42)
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where x = hv/kT, and v, is the radial component of the velocity of the cluster.
Recalculated to temperature perturbations, Eq. (2.42) immediately implies
AT U

_z .z 2.43
T c ’ ( )

We see from Eq. (2.43) that the effect of increasing or reducing AT/T is frequency-
independent and is only dictated by the direction of motion of the cluster. Temperature
decreases if the cluster moves away from us, and increases if it moves towards us. Therefore,
the fact of principal importance is that the data of the spectrum of CMB in the direction of
galaxy clusters may yield radial components of their velocity of motion. In principle, how-
ever, it is also possible (but far from easy) to evaluate the tangential component from the data
of polarization of the CMB in the direction of the galaxy cluster (Sunyaev and Zeldovich,
1980).

Since the optical depth of the best known clusters for which the kinematic Zeldovich—
Sunyaev effect has already been measured does not exceed t >~ 0.02-0.05, and is generally
found to be even smaller, it is possible to use the single-scattering-event approximation to
simulate the effects of polarization generation in scattering of quanta by hot electrons in the
CMB (see Section 2.3).

According to the general theory of the Doppler effect (Landau and Lifshits, 1962),
the temperature of radiation in scattering by an electron (in its rest frame) is given by the
expression

V1 —1v%/c?

Ty = ,
0 "1+ 2coso

(2.44)
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where 6 is the angle between the directions of momentum of the quantum and the electron,
and T, is the true temperature of the CMB. Assuming the motion of electrons to be non-
relativistic, we can apply expansion in the small parameter v/c < 1 in Eq. (2.43) up to the
second order of magnitude, ~ (v/c)?,

To=T, [1 — BcosH + B> <c0s29 — %)} , (2.45)
where 8 = v/c.

The intensity of radiation in the Rayleigh—Jeans range of the spectrum is connected to
its temperature and possesses quadruple anisotropy in the order (v/c)?. Since the differen-
tial cross-section of scattering of quanta by electrons is a familiar function of polarization
(Chandrasekhar, 1950),

dO’T
ds
where & and &’ are the initial and final polarizations of photons, respectively; then, averag-

ing over the initial values of polarization produces the resulting polarization (Sunyaev and
Zeldovich, 1980):

o« |8 -8, (2.46)
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Note that this evaluation involves precisely the tangential component of velocity, v;, while
the contribution from the radio component is zero owing to Eq. (2.46). The polarization for
galaxy clusters will be less by a factor of T < 1 than in Eq. (2.47) since the smallness of
optical depth is related to the scattering probability via Eq. (2.36). Finally, we have

Py~ 0.1t (%)2 (2.48)

Note also that, in addition to Eq. (2.48), the polarization of radiation resulting from scattering
by a moving cluster appears in the first order in v,/c but only in the second order in 2. The
relevant evaluations were made by Sunyaev and Zeldovich (1980):
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Before concluding this section, we should remark that, in addition to weakly linear effects
emerging in the order t(v?/c?) or (v/c)t?, there is also a purely gravitational correction to
the spectrum of the background radiation, independent of the optical depth of the plasma.
This fact was first noticed by Gurvitz and Mitrofanov (1986), who discussed the effect
of gravitational lensing of background radiation by a moving cluster. Perturbations of the
background radiation intensity are evaluated within an order of magnitude as follows:

AIN xe*
I “er—1c

.9, (2.50)

Here the beam deflection angle, & ~ GM/Rc?, depends on the cluster mass M and its
radius R. Assuming, for the sake of estimation, that M ~ 2 x 10" My, R ~ 2Mpc and
v, ~ 2 x 10°km - s~!, we obtain from Eq. (2.49) that AT /T ~ 10~ in the Rayleigh-Jeans
part of the spectrum.
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On the whole, recapitulating this section, we need to acknowledge that even granting the
importance of analysing non-linear corrections to the thermal and kinetic Zeldovich—Sunyaev
effects, today’s experimental capabilities are unfortunately quite far from achieving detection
of high-order corrections. At the same time, the linear effects, especially when combined with
x-ray and y observations, make it possible not only to extract unique information on a type
of motion of gas and its temperature in galaxy clusters, but also to map out approaches to
independent determination of the Hubble constant, Hy, using the observed spectrum of the
primordial background radiation. The following section is devoted to illustrating the general
ideology of this technique.

2.7 Determination of H; from the distortion of the CMB spectrum and
the data on x-ray luminosity of galaxy clusters
Novel methods of determining the value of the Hubble constant were discussed in

Chapter 1; these methods used various objects — Cepheids, supernovas, etc. —as new ‘standard
references’. In this section we add to this list another ‘standard candle’ — the calculation of H,
from the distortion of the background radiation spectrum via the thermal Zeldovich—Sunyaev
effect, combined with the data on the x-ray luminosity of the gas in galaxy clusters. The
gist of this idea of the combined use of two effects is extremely simple. X-ray luminosity
yields a relation between temperature and luminosity of the cluster and density distribution
within the cluster. Moreover, the Zeldovich—Sunyaev effect operates with practically the same
parameters. Therefore, by combining the two effects, it is possible to express the angular size
of the cluster in terms of the combination of x-ray and radio luminosities. The same angular
size can be found using standard cosmological techniques (see Chapter 1) that relate the
value of the Hubble constant Hj with the radio and x-ray luminosities of clusters. A specific
implementation of this algorithm was given in Birkinshaw (1999), Birkinshaw and Hughes
(1994), Carlstrom, Joy and Greco (1996), Carlstrom et al. (2000, 2001), Reese (2004) and
Udomprasert, Mason and Readhead (2001), where the latest results on Hy obtained by this
method are discussed. Let us look at the fundamental aspects of this approach.

The observed x-ray luminosity of the gas inside a cluster is described by a simple formula
(Birkinshaw, 1999):

2 6a
B, ~ % /0 w2 dE, 2.51)
where ng - w,, = n. is the radial electron concentration distribution in the cluster, Ag - wy is
the radial distribution of the x-ray luminosity of the hot gas, £ = r/da, da is the distance to
the cluster, r is the cluster radius, z is the redshift and 0 is the angular size of the cluster.
The distortions of radiation intensity due to the Zeldovich—Sunyaev thermal effect are given
by the formula

. kTeO !
Al =ipg(x) ZoTnOdA/ wyor dE, (2.52)
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and T, = T, - wr is the angular distribution of the electron temperature.
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By combining Eqs (2.51) and (2.52), we finally obtain
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where Q, = [ dé wlws and Q,, = [ w,wr d§. A comparison of Eq. (2.53) and Eq. (2.51)
allows us to express Hy in terms of the parameters of the problem.

As we see from Eq. (2.53), the accuracy of determining the distance da to a cluster
depends on the ‘geometrical’ parameters Q, and Q,,, which are found by integrating the
radial distribution functions of temperature and concentration of the gas and of its x-ray
luminosity. In the 1990s, the decisive success in finding w,, wr and w, was achieved by
using interferometric measurements in combination with high-angular-resolution x-ray data.
Among such radio measurements we need to mention first of all the data of the BIMA and
OVRO collaborations (Carlstrom et al., 1996, 2000), which conducted observations of 35
galaxy clusters in the redshift range from 0.17 to 0.89.

Figure 2.2(a) shows a radio image of the cluster CLO016+16 obtained with the BIMA
interferometer at 28 GHz. Shown in Fig. 2.2(b) is an x-ray photograph of the same cluster
recorded by the ROSAT satellite. Note the high degree of correlation in the orientation of hot
gas areas detected both in the radio and in the x-ray spectrum of emission from the cluster.

Radio luminosity distributions of the nine nearest galaxy clusters were measured recently
by the CBI interferometer with angular resolution reaching 3’ (Udomprasert et al., 2000). A
similar program was implemented in the framework of the observational programs SuZIE,
PRONAOS and MITO. Compton distortions y ~ 1.2 x 1073 were measured in the observa-
tions of the cluster RXj1347 (Pointecouteau, 1999) using the 30 cm IRAM radio telescope.
Especially important among the experiments on the observation of the Zeldovich—Sunyaev
effect are the BIMA and ORVO data on measuring the Hubble constant. The results were
summarized for 33 galaxy clusters (Carlstrom et al., 2000); see Fig. 2.3. Since the expression
for the distance, da, includes, in addition to the Hubble constant, the total density of mat-
ter and the cosmological constant, the results of calculation of H, are model-dependent.
For instance, assuming 2 = 0.3, the expected value of the Hubble constant is close to
60 km s~! Mpc™!, and for Q = 1 (A = 0) it reduces to Hy = 58km s~ Mpc~! with £5%
observational error. The level of systematic error is evaluated here to be almost six times
higher (~ 30%) (Carlstrom et al., 2000).

2.8 Comptonization at large redshift
This section is devoted to applications of the theory of Compton distortions of
the spectrum of the CMB radiation caused by energy releases in the early Universe. Note
that this aspect was first studied in Sunyaev and Zeldovich (1972), where the main features
of the transformation of the background radiation spectrum upon heating of cosmological
electrons were listed for times long before the epoch of the formation of the galaxy and galaxy
clusters. In this section we return to this problem predominantly because the latest data from
the DERBI and FIRAS instruments, obtained in the framework of the COBE project (Fixsen
etal., 1996), impose strict observational constraints on the chemical potential of photons and
the degree of spectrum non-equilibrium.
An analysis of the temperature regime of electrons affected by possible energy releases in
the early Universe will be conducted under the assumption of Maxwellian velocity distribution
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Figure 2.2 (a) Radio (b) and x-ray (ROSAT) images of CL0016+16, obtained by the BIMA
collaboration (for details, see Carlstrom et al. (2000)).

and equality of the temperatures of electron and proton components. This hypothesis assumes
that the characteristic electron—electron collision time, .., and electron—proton collision time,
Tep, Must be considerably shorter than the Compton time of energy ‘pumping’ from electrons
to ¢, (see Zeldovich and Novikov (1983)).

When the condition e, Tep <K T, is satisfied, the thermal balance in the electron gas in
the presence of sources of electron heating is found from the first law of thermodynamics
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Figure 2.3 The distribution of d, as a function of redshift, from Carlstrom et al. (2000).

to be
d(ptota3) + P da® = do, (2.54)

where a is the scale factor, dQ is the energy release from heat sources, and py and Py are
the total density and total pressure of the electron—proton gas and radiation, respectively.
Taking into account the relations between energy density, pressure and temperature for each
component,

1 ) , 3
=Py PeC” = Menec” + EnekTe; P =kn.T,, (2.55)
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where n. is the electron concentration and T, is the electron temperature, we can obtain
from Eqgs (2.54) and (2.55) the following equations of thermal equilibrium for hydrogen and
helium:

a1, + 247 2 0 d (o,a*) (2.56)
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From Eq. (2.25), in the approximation of Compton heating of radiation by hot electrons, we
find

d
a*dt
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/ dr - x*f(1 + f)}, (2.57)
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where ¢, = p, c?, x = hv/kT, and f is the frequency distribution function of quanta.
Integrating now in Eq. (2.57) over a new variable x’ = hv/kT,, we finally obtain
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where the degree of plasma ionization is x, = n./n. Recalling here that the cosmic plasma
is totally ionized at redshifts z >> 10%, and also that the characteristic time of Compton
interaction is much shorter than the cosmological time scale, we can derive from Eq. (2.58)
the following:
15 oT;) [ 2
T — " | de 2 f) + )+ S 1oy —dP. (2.60)
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If we assume that deviations from the equilibrium form of the distribution function for quanta
are small, we can reduce the second term on the right-hand side of Eq. (2.60) to the radiation
temperature, 7, so that the corresponding value of the parameter y is found to be

k(T — 2 e k
y:/u:—/drofl’ el (2.61)
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Further evaluation of the parameter y depends on the relation between the characteristic
variation time of source parameters, ts >~ (Q/ Q), and the characteristic variation time of
the plasma optical depth, #,, >~ /7. If we ignore for the moment the period of hydrogen
recombination during which #op is small, we can assume that fop; ~ fexp for z >> 103, where
fexp =2 a/a is the characteristic time of expansion. Then the parameter y for fs < fexp is ON
the order of

2 Ty QO
~_1. . 2.62
Y 3T mec? na’ (2.62)
In the opposite case, when the evolution of the heating source is slow (fs > fexp), We can use
the following approximate expression for y:
2 T k 2 T
y~ 7. X < =X el (2.63)
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For the sake of certainty, we refer to the regime described by Eq. (2.62) as the regime
of explosive energy release, and to the regime of Eq. (2.63) as the quasi-stationary one.
Forgetting for the moment concrete details of possible mechanisms of implementing the
explosive and quasi-stationary modes, we can say that, to within a coefficient ~1, they
correspond to approximately the same value of y. To be specific, let us consider the mode
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given by Eq. (2.62). In view of the equality 7y = orn.c and Eq. (2.59), we arrive at the
following expression for y:

~ 1o

~ — . 2.64
4¢,a 264)

Y

The quantity eg = a% in Eq. (2.64) identifies with the density of energy released by external
sources to heat electrons. Then Eq. (2.64) implies a simple estimate of the ratio /¢, :

s _5 y 104
., 8 x 10 (72 » 10_5> 1077, (2.65)
where the parameter y was normalized using the data of Fixsen et al. (1996).

Note that this evaluation is of sufficiently general nature and can be applied successfully to
evaluate energy release regardless of the value of the redshift. In addition to the y-distortions
of the primordial background radiation spectrum discussed above, it is also necessary to look
at another mechanism of principal importance that arises if the optical plasma depth is large.
By this we mean the formation of the Bose—Einstein spectrum of the CMB:

i -1
Flr, ) = |:exp< ‘;{JTF") — 1} . (2.66)

€

Formally, this spectrum satisfies the Kompaneets equation, Eq. (2.22), for df /dy = 0. This
means in turn that the parameter y must be sufficiently large, i.e.

KT =T,

Mmec?

y~zt > 1. (2.67)
We can expect in this case that the asymptote of the solution of Eq. (2.23) will tend to the mode
described by Eq. (2.66) and that the chemical potential © will be (Sunyaev and Zeldovich,
1972)

= 1.4KkT,ss, (2.68)

where &g is the energy release.

To recapitulate the results of this section, we can point to two basic types of spectrum
distortions for the primordial background radiation: y-distortions and the chemical potential,
. Both these parameters are dependent on specific features of electron heating and are calcu-
lated with certain assumptions concerning the properties of the sources of a non-equilibrium
energy release. In Chapter 3 we analyse the ionization history of the Universe and specifically
the mechanisms of reionization of the cosmic plasma, and treat in detail a number of such
mechanisms, paying attention to possible observational manifestations of non-equilibrium
energy release processes. At the same time, the most important factor that defines constraints
on the limits of applicability of the theory is the experiment. For spectral distortions of back-
ground radiation, the role of such ‘critical’ experiments is played by the data of the DERBI
and FIRAS instruments of the COBE project, which limit the observational values of the
parameters y and pu as follows:

yo < 1.5x 1075 (95% CL),
n <9x1075  (95% CL).
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95% confidence limits to energy release
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Figure 2.4 Upper confidence limits (95%) on fractional energy release, AE/Ecyp from
different epochs. Adapted from Smoot and Scott (1997).

The constraints on the possible energy release in the early Universe are plotted in Fig. 2.4
for these parameter values as functions of redshift (Fixsen et al., 1996).

As we see, the level of energy release does not exceed 1073~10~* in practically the entire
range of values of redshift, 10 < z < 10°.If z > 107, the ‘degree of non-equilibrium’ in the
Universe, A¢/e,, does not exclude the possibility of considerable energy release, Ae /g, ~ 1.
However, this ‘softening’ of the limitation fails to highlight the fact that the cosmic plasma
needs to be in non-equilibrium. What we mean is that the Compton mechanism of distortion
formation is found not to be sensitive to considerable distortions in the spectrum of the CMB.
It should be remembered that the epoch of cosmological nucleosynthesis is not immediately
followed by the z ~ 107 epoch, and that the survivors of nucleosynthesis (He* and D) are
indicators of the equilibrium nature of the spectrum of quanta up to z ~ 10°-5 x 10°.
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The ionization history of the Universe

31 Theinevitability of hydrogen recombination

The physics of the cosmic microwave background is tightly related to the kinetics of
interactions between quanta and electrons because electrons are the lightest charged particles
that annihilated with positrons in the process of cooling of the Universe at the time when its
temperature was falling to 10° K. The remaining electrons, by now non-relativistic, constitute
the most important factor of possible distortions of the primordial microwave background
during the z < 107 epoch when Compton scattering became the dominant mechanism of
the e—y interaction. Within the ‘y-theory’ of Comptonization of the CMB, we find that this
parameter, which characterizes the degree of ‘non-equilibrium’ of electrons with respect to
radiation, depends not only on temperature, 7¢, but also on the plasma’s optical depth in
terms of Thomson scattering, t. In turn, the rate at which the optical depth changes in time,
T = ornec, is determined by two very important factors: the expansion of the Universe and
the dynamics of evolution of electron concentration. As a rule, this process is described in
terms of the degree of ionization of the plasma, as follows:
ne

3.D

Xe = ,
Niot

where nyy is the total concentration of baryons in the plasma. If the plasma temperature
definitely exceeds 10° K, electrons must be free (i.e. not bound to protons) since otherwise
a gigantic number of ionizing quanta would immediately destroy hydrogen atoms. In other
words, the efficiency of the reaction H 4+ y — p + e is so high that it is beyond any doubt
that the amount of neutral hydrogen in cosmological matter is inconsequential. In this case,
therefore, the degree of ionization, x., equals unity with high accuracy, and changes in the
optical depth of the plasma relative to Thomson scattering are caused only by the expansion
of the Universe. Note that even when the degree of plasma ionization does not change with
time (x. = 1 = const.), the anticipated plasma depth continues to diminish anyway as a result
of the cosmological expansion (Hu, 1995):

Thow Q
¢ = / ornpeds ~ 4.1 x 10*2Q—bh {[QA + (1 +29]"7 = 1} , (3.2)
t

m

where we have used the same notation as in Chapter 2 and 2, + @, = 1. Equation (3.2)
clearly shows that if z > z.;, where z, is found from the condition 2, >~ Q,(1 + 7o), the
behaviour of the optical depth follows the relation 7 o (1 4 z)3/?, while for z — 0 we have
T(2) & 3Qp -2 = 0.

53
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In fact, the first important conclusion that follows from this analysis of the extremal
asymptote x. = 1, regardless of the value of the redshift, is that, relative to the Thomson
scattering, today’s Universe must be optically thin — to within < 1%. As we see from Eq. (3.2),
the behaviour of the optical depth for z >> 1 is independent of 2, :

7(z) = 4.1 x 1072, 2h(1 + 2)¥/2, (3.3)

and formally the zone of the ‘last scattering’ of quanta by electrons (7(z) = 1) corresponds
to the redshift

2o ~ 849 QIR (3.4)

To be specific, we assume Quh? ~0.02, @ ~ 0.3 and h ~ 0.7 (see Chapter 1) and we
finally obtain z >~ 60. Therefore, with the cosmic plasma completely ionized, the maximum
redshift after which the CMB radiation propagates freely is a relatively low at z >~ 60. There
remains the question of whether the total hydrogen ionization can be self-maintained down
to this redshift. This question can be answered using the following qualitative reasoning.

To maintain the degree of ionization at the level x. = 1, it is necessary for the fraction
of quanta having energy above the hydrogen ionization potential, / >~ 13.6eV, to reach
approximately one quantum per baryon. As in cosmological nucleosynthesis (see Chapter 1),
this formally leads to an estimate of

Texp (L) ~
& exp< kT(z)) 1, 3.5)

where £ = £19 x 10'°. We can evaluate the optimum range for & from the data on the abun-
dance of the cosmic He* and D: &10 ~ 5. The substitution of this estimate into Eq. (3.5)
yields

T(z)~TIn" "¢ ) ~3.8x10°K, (3.6)

where T; = % ~ 1.5 x 10’ K is the temperature corresponding to the ionization energy. Tak-
ing into account T'(z) = Tp(1 + z), where Tp = 2.736 K is the current temperature of the
CMB radiation, we see that Eq. (3.6) implies that the ionizing (Wien) part of the spectrum
cannot sustain the degree of ionization at the level x, >~ 1 at redshifts z < 1400. Therefore,
to sustain the x. = 1 mode at z < 1400, it is necessary that a powerful ionizing component
of matter is present because there is simply not enough quanta of the primordial background
radiation!

The estimates given above yield the obvious conclusion that the ionization history of the
cosmic plasma is one of the most important probes for studying the properties of cosmic
matter in the epoch of redshift z < 1400. Any information on the degree of plasma ionization
in this period is inevitably tied to testing the processes of energy release and, therefore, to the
identification of the possible sources of this energy release. In fact, the situation becomes even
more dramatic if we take into account the observation of the hydrogen line A = 21 cm and the
Ly-« absorption in the spectra of remote quasars: these show that the cosmological hydrogen
must already be ionized up to x. =~ 1 at redshifts z ~ 5-6 (see Section 3.8). Therefore, the
idea of non-equilibrium sources of energy release is directly confirmed, but unfortunately for
small redshifts only. What is the situation in the range 60 < z < 1400? What can we say about
the presence or absence of sources of non-equilibrium ionization (non-equilibrium relative to
the primordial background radiation)? It appears that Zeldovich and Sunyaev (1969) were the
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first to attempt to justify the inevitability of a neutral hydrogen period in the Universe, at least
over a limited range of redshifts z. The key element in their work was the idea that hydrogen
ionization must be accompanied by heating of electrons to temperatures 7, > 10* K. At
such temperatures the plasma would emit quanta (the free—free emission) with the emission
coefficient given by

Eg(v) =54 x 10_39gTel/2e_kh7Ven§ erg cm ™2 s ster! Hz ™! 3.7
where g is the Gaunt factor (g = 1 for hv > kT, and g = g In[(4kT./hu) — 0.577] in
the limit Av < kT, (Karzas and Latter, 1961)). As we see from Eq. (3.7), the emission
spectrum in the long-wavelength range is practically independent of frequency. Therefore, in
this wavelength range we should expect peculiarities in today’s spectrum of the background
radiation due to the heating of cosmic plasma at high redshifts.

When describing the spectrum of cosmic electromagnetic radiation in the Universe in
Chapter 1, we pointed out that the radiation flux in the radio wavelength range (v >~ 1-
10 GHz) is definitely below Jg ~ 1072* erg s~! ster ™2 Hz~! for v ~ 10 GHz (see Fig. 3.1).
Note that the value for Jg chosen in the original paper (Zeldovich and Sunyaev, 1969) was
almost four orders of magnitude higher than the limit given above, even though this was at a
different frequency (v >~ 0.6 GHz; A ~ 50 cm). In view of the ‘flat’ behaviour of the spectrum
of free—free emission, it is clear that the values Ex(v >~ 0.6 GHz) and E¢(v ~ 10 GHz) should
remain constant to within an order of magnitude. At the same time, the observed flux at the
frequency 600 MHz decreases in comparison with that at v >~ 10 GHz by approximately
another order of magnitude (see Fig. 3.1), reaching a local minimum. Consequently, the
bounds on the temperature of electron heating can be derived from the condition (Zeldovich
and Sunyaev, 1969)

Egdl
(1+z)

where dI = cdt ~ (c¢/Hp)(Q2m)~/?275/% and z > 1. Combining Eqs (3.7) and (3.8), we
finally obtain

< Jr(v), (3.8)

(Q212/0.02)>

Zmax
QD)2 f dz 1+ zTe_l/z(z) < 0.5}, (3.9)
m 0

where jr = Jr f(v)/1072* erg s~! cm™2 Hz ! ster~!. As is clear from Eq. (3.9), the con-
straints on 7.(z) depend on the dynamics of variation of the electron temperature as the
redshift diminishes.

Let us consider a model in which the electron temperature depends on z in a power-
law fashion, 7(z) ~ 10* (1 4 z)¥ /(1 + z,)¢, where the parameter £ < 0 and z, defines the
moment when heating starts. Clearly, as z changes at £ > 0, the electron temperature should
decrease, and therefore the ionizing power of the source would become insufficient for
sustaining the x. = 1 mode.

Let us consider the limiting case of T, =const. ~ 10* K, when T, is independent of z
(¢ = 0). We immediately obtain from Eq. (3.9) that

Quh?\ 7 [ T\
zi(£<575jR<szmh2>‘/2(O"W> (104) : (3.10)
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Figure 3.1 Contributions of normal galaxies (dotted curves), radio galaxies (long-dash
curves) and the CMB (short-dash curve) to the extragalactic radio background intensity
(thick solid curves) for the models (a) no evolution and (b) with evolution of galactic
luminosity. Dotted lines depict an observational estimate of the total extragalactic radio
background intensity and the dot—dash curve gives an earlier theoretical estimate. For
details, see Protheroe and Biermann (1996).

So, electrons heated to 10* K must transfer energy to CMB quanta through the Compton
mechanism. The corresponding value of the parameter y is then evaluated to be

kT, o [ Qh? B T;
~ ~1.6x107° QuhH) ™12 [ =) 22, 3.11
Y e T (o.oz (€mh 1or ) 2 1D

Taking into account Eqgs (3.10) and (3.11), we find

S (h?\ T T\
<12x1077 | =— ° i 12
y=l2x10 (0.02) (104) IR ©-12)
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which is definitely below the observational limit of COBE for T, < 6.5 x 10° K. Returning
to Eq. (3.10) and using the value 7, < 6.5 x 10° K as the temperature maximum, we arrive at
Zmax < 150. Note that a more detailed derivation of the quantity z,x, based on searching for
today’s minimum of the functional that takes into account constraints on the radio background
and the y parameter that do not require the assumption 7(z) = const., was given in Zeldovich
and Novikov (1983). In the framework of this generalized formulation, it is readily shown
that quantitative conclusions on a requirement for the neutral hydrogen epoch in the Universe
to have existed are only weakly affected. We can state, quite safely, that cosmic plasma must
be neutral (x, < 1) down to redshifts as low as z ~ 300, and that its temperature must be
low (7. < 10* K).

It is therefore inevitable that the cosmological hydrogen must undergo recombination and,
taking into account the Gunn—Peterson effect, be re-ionized later. The hidden plot behind the
history of ionization of the Universe boils down to what the sources of this process could be;
we discuss this aspect in the subsequent sections of this chapter.

3.2 Standard model of hydrogen recombination

In this section we turn our attention to the standard model of hydrogen recombina-
tion. Its fundamentals were formulated at the end of the 1960s and the 1970s in a number of
pioneer publications (Peebles, 1968; Zeldovich, Kurt and Sunyaev, 1969). It is necessary to
point out that during this period the role played by hidden mass (dark matter) in the kinematics
and dynamics of the evolution of the Universe was underestimated. Therefore, all the results
of the hydrogen recombination theory in the baryonic Universe needed certain corrections
that would take into account the simple fact that the density of hidden matter exceeds that
of baryonic matter. Consequently, the rate of expansion of the Universe should follow the
law a o t2/3 from the time of redshift Zeqg = 1.2 X 10*w*Qmh? when its density becomes
equal to that of the radiation background. At the same time, the moment of equality for z¢q
at low density of baryonic matter Qyh? >~ 0.02 would correspond to zeq ~ 240 (Q,h2/0.02)
(with the hidden mass (dark matter) background neglected), and hydrogen recombination
would be completed already at the radiation-dominated phase. The imbalance of hydrogen
recombination reaction rates (affected by €2;,) and the rate of cosmological expansion (dic-
tated by 2,) is the principal distinctive feature of the ‘standard’ models when the hidden
mass (dark matter) is taken into account. This factor was first pointed out by Zabotin and
Naselsky (1982a) (see also Jones and Wyse, 1985; Krolik, 1990; Lubarsky and Sunyaeyv,
1983). At the same time as the hidden matter factor was being taken into account, Basko
(1981), Krolik (1990) and Rybicki and Dell’ Antonio (1994), improved the model of trans-
fer of resonance quanta in the expanding Universe, and Lepp, Stancil and Dalgarno (1998)
calculated the effect of the ionization regime on the molecular synthesis at later stages of
hydrogen recombination (z < 400). A new element due to the unique accuracy of the future
CMB experiments was that the effect of He* on the kinetics of the cosmological hydrogen
recombination, and on its residual ionization, was to be taken into account. Seager, Sasselov
and Scott (1999a,b) analysed a multilevel model of the hydrogen atom (~300 levels) and
gave a systematic summary of the main achievements of the theory. This work reached its
conclusion with the creation of a specialized programs package RECFAST, which at the
moment is the most successful tool for calculating the dynamics of cosmological hydrogen
recombination.
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Figure 3.2 The three-level model of the hydrogen atom.

33 Thethree-level approximation for the hydrogen atom
In this section we consider the three-level model of the hydrogen atom comprising

the ground state HI and the 2P and 2S states as the initial approximation for describing
its recombination kinetics. We will neglect the contribution of He* atoms to this process,
leaving it to the following section. In this formulation, the ideology of the model is in
complete agreement with the approximations of Peebles (1968) and Zeldovich et al. (1969).
The model is schematically presented in Fig. 3.2 and indicates the possible directions of
electron transitions in the hydrogen atom.

Following the papers of Peebles (1968) and Zeldovich et al. (1969), we describe the
recombination kinetics, taking into account the following specifics of the level structures of
the hydrogen atom and also the properties of the plasma.

(1) The plasma temperature is sufficiently low (< 10* K) for the collisional ionization to be
negligible in comparison with radiative processes.

(2) The time of transition for an electron to travel from the 2P level to the ground state is
much shorter than the cosmological time.

(3) The population of higher levels obeys equilibrium thermal distribution.

(4) The population of the 2S level satisfies the condition n,s < 1, where n; is the hydrogen
population at the ground level.

(5) Each act of recombination to the 2P level creates a resonant Ly-o quantum, and each
decay of the 2S level produces two low-energy photons.

(6) Electrons, protons and radiation are in equilibrium at temperatures above 10* K.

This means that the reaction e + p <> H + y occurs in both directions, in such a way that
the equilibrium concentrations of electrons, protons and neutral hydrogen atoms obey the
Saha formula,

Nelly — 8e&p (anekT)S/ze_I/kT

3.13
ny gH h? ©-13)

where g; are the statistical weights of each component. We now introduce the degree of
ionization, xo = n./(n, + ng). Then the evolution of the equilibrium degree of ionization is
described by the following equation (Zeldovich and Novikov, 1983):

Quph?
0.02

(3.14)
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Note, however, that the equilibrium degree of ionization determined from the Saha formula
(3.14) does not provide the entire detailed picture of the formation of neutral hydrogen
atoms. The point is that each act of recombination, p + e — H + y, is accompanied by the
emission of one Ly-o quantum with energy hv, = %I = 10.2 eV, which immediately excites
a hydrogen atom, while quanta with Av, = ;I = 3.4V that are abundant in the blackbody
radiation immediately ionize this atom.

The absorption cross-section of neutral hydrogen for resonance quanta is found to be
extremely large. The corresponding optical depth, T, ~ oynyct, is found to be > 4 x 108
(Peebles, 1968), and therefore Ly-o quanta generated in each recombination event should be
immediately absorbed by the generated hydrogen atoms.

Relatively low-energy quanta are needed to ionize hydrogen atoms from the 2P level:
E=1—-hy, = %I ~ 3.4eV. Owing to the Wien character of the spectrum of background
photons, the number of such ‘soft” quanta is found to exceed that of ‘hard’ quanta (with energy
E ~ I)by a factor of approximately e ~//*7 je=I/kT ~ ¢iir > 1; therefore, hydrogen atoms
in the 2P state are immediately ionized by quanta from the ‘soft’ part of the CMB spectrum.

Therefore, the right-hand side branch in Fig. 3.2 that describes the dynamics of population
of the hydrogen atom 2P state is, at the same time, a sort of ‘engine’ for producing — and,
more importantly, accumulating — Ly-o quanta in the process of hydrogen recombination
over their equilibrium concentration in the Wien range of the spectrum. The reaction channel
on the left is directly responsible for the formation of neutral hydrogen — via the metastable
28 level, as was first shown in Peebles (1968) and Zeldovich et al. (1969). Let us consider
the kinetics of this process in more detail.

1
P

3.3.1  Equations for the populations of hydrogen levels

Look at the diagram of electron transfers in the hydrogen atom as shown in
Fig. 3.2. In the three-level atom approximation, this diagram corresponds to the processes
Hy—2=25 + Y« <> €+ pt, Hyzi + vo <> Hymn1=0p, Hy=2,1=05 + Yo <> H,=1 + ¥ + . For
each state of an electron, we introduce the corresponding concentration of hydrogen atoms,
n; (nis, nss, n3s, - ..). This concentration is found from the following kinetic equation
(Seager, Sasselov and Scott, 2000):

d(n(1)a®) Y S
a3dr = nenpQic — NiPic + ;nj(+)pji — N j; Pij> (.15)

where « is the coefficient of recombination to level v from the continuum, §;. is the corre-
sponding coefficient of ionization from level i to continuous spectrum, p;; are the coefficients
of transition from level i to j, n. is the electron concentration and np is the concentration of
atoms in the ionized state.

The set of equations (3.15) must be supplemented with an equation for the concentration
of free electrons; in fact, this equation describes the rate of change of the degree of ionization,
Xe, as a function of time (Peebles, 1968) as follows:

d(n.a®
(ansci d- Z (cien? + Biene), (3.16)

i>1

where «;; and B;; are the coefficients of recombination and photoionization at the level i, and
the index / describes the possible P and S states.
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We have emphasized earlier that all high-energy levels of the hydrogen atom are in dynamic
equilibrium with radiation. In this case (Peebles, 1968),

(By—By)

nie = nas(2 + e 7, 3.17)
where B; is the bonding energy of the ith level. Introducing the notation
_ BB _ 5, 2amkT)>*?
%=2%;m=2w+wwﬁf=%eﬁ—ﬁf—- (3.18)
for free electron concentration, Eqs (3.16)—(3.18) yield the following equation:
d(nea?®) 2
dr = —acng + B - nos. (3.19)

We see from this equation that the dynamics of evolution of . is directly related to the
population dynamics of the level 2S, found from the set of equations (3.15). Following
Peebles (1968), we introduce the relative population of the 2S level:
Rys = —. (3.20)
nis
Obviously this population is sustained by Ly-o quanta, whose dynamics is described by the
following transfer equation (Peebles, 1968):

d(n3)
a3dt

= —veHnep) — 1oyl + R, (3.21)

where n, = fuvj n, dv is the concentration of Ly-« quanta in the spectral line, v_ and v,
are, respectively, the lower and upper bounds dictated by the profiles of the Ly-« line, R is
the concentration of the Ly-o quanta fed into the plasma by each hydrogen recombination
event per unit time, and H is the Hubble constant. Since the width of the Ly-o line is
Av/vy = (v, — v_)/vy ~ 107> and ny ~ nyAv, Eq. (3.21) immediately implies that the
right-hand side must be nearly zero. Therefore

-y = A,y + fo. (3.22)
Introducing filling numbers for quanta, it = n,¢/(87v?), we find from Eq. (3.22)
N_ =Ny + Rig , (3.23)
8t H

where A, = ¢/v, and N, = exp(—(B; — B,)/kT) correspond to the thermodynamic equi-
librium value.

To find the intensity of Ly-o quanta that are newly fed into the process during recom-
bination, it is necessary to remember that their number is determined using the following
arguments. Each recombination event generates one Ly-o quantum which is absorbed by a
hydrogen atom. At the same time the decay of the 285 level ‘removes’ Ly-o quanta from the
plasma, converting them to ‘soft’ photons. Therefore,

2 _ (B1-By)
R = (aen? — Benas) — Aos—is (nzs —nise” ) , (3.24)

where Ays_1s = 8.224 58 s~! (see Spitzer and Greenstein (1951)) is the rate of the two-atom
decay of the 2S state. Equation (3.24) shows that in the equilibrium state R = 0 because
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recombination and ionization events completely cancel out (the expression in the first brackets
in Eq. (3.24)) and the equilibrium population of the 2S level ensures that the expression in
the second pair of brackets is zero.

The last condition that closes the set of equations for the degree of ionization in the
presence of Ly-a quanta reduces to the equality R,s = N, which points to a simple fact: the
population of the 2S level is dictated by the equilibrium value of & plus the Ly-o quanta
that the redshift pushed under the ionization threshold. Substituting R,s = N _ into Eq. (3.20)
and taking into account Eq. (3.23), we arrive at an equation for R, and therefore also for Ry,
by expressing n,s in terms of 7;g and other parameters of the problem. Introducing now the
degree of ionization, x. = n./(n, + nis), we obtain from Eq. (3.19)

dx.
dr

=D [acnxj — B.(1 — xe)e*¥] , (3.25)

where
1+ KAgssn(l — xe)
1 4+ K(Ags,1s + Bon(l — xe)

and K = AZ J6m H(t), By — By = %. For the recombination coefficient we use the improved
value (Hummer, 1994; Pequignot, Petitjean and Boisson, 1991; Verner and Ferland, 1996)

(3.26)

b
1 j—ctd em’ 7!, (3.27)

o= 1071

wherea = 4.309,b = —0.6166, ¢ = 0.6703,d = 0.5300and t = TM/lO4 K. Here, Ty is the
plasma temperature, which is assumed to be equal to the CMB temperature in the three-level
recombination model chosen here.

34 Qualitative analysis of recombination modes
In this section we give a qualitative description of the behaviour of the plasma

ionization degree, x., in various ranges of redshift z, leaving detailed numerical calculations
to the following section. The point is that the three-level hydrogen recombination model
discussed above requires certain modifications. Namely, we need to take into account the
role of He* and also a detailed description of the behaviour of Ly-a quanta and of the
temperature of matter (it does not always follow the radiation temperature, especially for low
redshifts, z < 10%). Nevertheless, an analysis of the approximate model proves extremely
useful for describing the dynamics, X., in the range 700 < z < 1100 if the factors listed
above do not noticeably affect the ionization balance, and the result of the analytical solution
of Eq. (3.23) is found to be applicable not only for a qualitative, but equally well for a
quantitative description of the problem.

Therefore, for redshifts z > 1400 the degree of ionization, x., is given by the stationary
solution of Eq. (3.25):

2
Xe P mm (3.28)
1 — xe AN

Taking into account the relationship between . and «. (see Eq. (3.18)), we readily see
that Eq. (3.28) corresponds to the equilibrium Saha formula. As the radiation temperature
decreases, Eq. (3.25) predicts that this equilibrium is violated.
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Taking into account the fact that in Eq. (3.25) D =~ (Ass.1s/(A2s.1s + Bc)) and also that
Be > Ass.1s, we obtain

dxe A acnxg (1 ) 7131[132
- = — — Xe)€ kT
dr 28,18 ﬂc €
2(eq)
- Gl 2 (1 —ye
= A2S,]S ﬂc |:)Ce (1 xe) (1 _ xéeq))j| . (3.29)

The equilibrium degree of ionization, xéeq), decreases exponentially with decreasing redshift.
Therefore, beginning with a certain critical value z = z,, for all z < z,, in Eq. (3.29), we can
neglect the quantity ~ x2©? and retain only the first term in square brackets. Since z, and
Z> 1, we have

d d
;;Z erO‘/ 2 (3.30)

and Eq. (3.29) takes the form (Longair and Sunyaev, 1969)

0) L
dx. Azsqlsn(bale“‘n)f’h%

—1 12, 2 -1
— Q , 3.31
dr 2rmkTy)3/? (3.31)

where Tj is the current CMB temperature, nyy ~ 2 x 1077 (2,42/0.02) is the cur-
rent baryonic density, and hp is the Planck constant. Introducing the notation A =
(AasasnO B3 Hy ' Q') /QrmekTo)Y? and 1/4kToz > 1, we derive from Eq. (3.31)
(Zabotin and Naselsky, 1982a,b):

4kToz 1+ 77!
Yo | C o — A | (3.32)

The constant C is found from the condition x.(z = z4) = Xe q)(z*) Let us look at the asymp-
totic behaviour in Eq. (3.32) for z < z,. In this case, the second term in square brackets
increases in comparison with the first and (see Zeldovich and Novikov (1983))

! —1/4ktyz

Xe = WKToz —Ae < 1. (3.33)
As this expression clearly shows, the degree of ionization of hydrogen considerably exceeds
the equilibrium value given in Eq. (3.28); this occurs because of the exponential factor
1/4kTyz > 1 obtained from Saha’s formula, which is slower in comparison with 1 /2kTyz >
1. In fact, once recombination starts in the equilibrium mode (z = z, ~ 1400), the generation
of excessive Ly-« quanta and their redshifting in frequency result in an increased degree of
ionization, the behaviour of which is described by Eq. (3.33).

We must emphasize that the solution for x. in the form (3.33) describes the behaviour of
the degree of ionization within a relatively small interval of redshifts z: 900 < z < 1400.
If z < 900, the function D in Eq. (3.25) approaches unity and the asymptotic behaviour of
recombination begins to be dominated by the first term on the right-hand side of Eq. (3.25)
with D = 1. At this stage, the plasma is sufficiently rarefied, and recombination quanta are
incapable of sustaining the equilibrium between the excited levels of the hydrogen atom.
In reality, each recombination event results in the emission of a Ly-o quantum, which is



3.5 Detailed theory of recombination 63

removed by the redshift beyond the half-width of absorption. In this mode, Eq. (3.25) implies

dxe 2

e _ i) xl, 3.34
& (@) - x; (3.34)
where I'(z) = acngo)zl/zH(fQ;ll/z, and the solution for x.(z) has a simple form (see

Eq. (3.25)) (Zabotin and Naselsky, 1982a,b; Zeldovich et al., 1969)

-1
Xe 2 [a - / I'(z) dz:| , (3.35)

where a is the integration constant found from the condition of matching to the preceding
mode. Note that owing to the power-law dependence of I'(z), the decrease in ionization
degree is fairly monotonic in contrast to the initial stages at z ~ 103-1.4 x 10°. We must
stress at the same time that the transition from one asymptotic behaviour x.(z) to another
constantly requires matching the solutions in the transition zone, resulting in accumulation
of errors. Indeed, it is impossible to delineate unambiguously the zones of influence of
distinct ionization modes. Therefore in this section we have limited the discussion to the
above-described characteristic modes of diminishing of plasma ionization degree, preferring
to look at the quantitative side of the problem in the light of the numerical solutions given in
the following section.

35 Detailed theory of recombination: multilevel approximation

We begin by formulating the main reasons for which it is necessary to analyse the
kinetics of hydrogen recombination in detail, in contrast to the framework of the approximate
three-level model of the hydrogen atom. One of the main reasons for this lies in the need to
develop a modern theory of formation of the CMB anisotropy. We will see in Chapter 5 that
fluctuations AT /T on a scale of several minutes of arc are formed at the very beginning of
recombination, at z ~ 1400. In fact, it is this phase of hydrogen recombination that is fairly
sensitive to the presence of He* (Seager et al., 1999a,b). From this, a direct connection can
be traced between cosmological nucleosynthesis (prediction of mass concentration of He*),
hydrogen recombination and small-scale CMB anisotropy.

Another important reason follows from the high accuracy of measurements in the WMAP
experiment and in the PLANCK mission planned for 2007. If we choose the relative error of
determining AT to be 10% — a very conservative estimate of determining the characteristics
of CMB anisotropy — we need to be absolutely sure that these errors are not ‘accumulated’
only as a result in inaccuracies in theoretical predictions of the dynamics of the thinning of
cosmic plasma for primordial radiation. Therefore, a detailed theory of recombination must
be capable of predicting the behaviour of x.(z) with an error < 1%, and possibly even lower.

Finally, there is the third cause, which is mostly of predictive nature. Hydrogen recombi-
nation results in considerable distortions of the background radiation spectrum in the Ly-«
frequency range at the expansion stage, z ~ 10°. As a result of redshifting, these distortions
must be represented today in the long-wavelength range A ~ cZec/Ve ~ 11.3 x 1072 cm
(Peebles, 1968; Zeldovich, Kurt and Sunyaev, 1969) that is, in the near-infrared range of the
cosmic radiation spectrum. Experimental detection of a specific electromagnetic ‘echo’ of the
recombination epoch would be fantastically important for testing the properties of the cosmic
plasma at redshifts z ~ 10°. Unfortunately, the high level of infrared background in this range
does not offer us any hope of rapid experimental solution of the problem. However, a detailed
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Figure 3.3 He atom levels included in the comparative analysis of models. Adapted from
Seager et al. (1999a).

prediction of the shape of these distortions would be of extreme interest for understanding
the mechanisms of formation of radiation in the near-infrared band.

It must be emphasized that the ionization history of the cosmic plasma at the stage z < 10°
is extremely important for understanding the processes of formation of primary molecules
of cosmological origin — those that could act as an efficient ‘coolant’ in dense clouds, facil-
itating the formation of first-generation stars. We must again emphasize that the develop-
ment of a detailed theory of hydrogen recombination does not mean in any way a diversion
from the simplified two-level recombination model, the fundamentals of which were cre-
ated more than 30 years ago. Moreover, this simplified model reproduces qualitatively, and
very often quantitatively, the main physical principles and processes that resulted in the
transformation of ionized hydrogen to the neutral state. Assuming this model as a basis,
we will focus mainly on discussing its more important additions that considerably increase
the predictive accuracy of the theory. The paper by Seager et al. (1999a,b) that formed the
basis for the development of a specialized package, RECFAST, for calculating the dynam-
ics of evolution of x.(z), beginning from the earliest recombination phases at z ~ 10* up
to z = 0, became an important step on this path, stimulating many years of research into
the recombination kinetics of cosmological hydrogen. When describing important addi-
tions to the standard hydrogen recombination scheme below, we follow the ideology of this
publication.

We will now list the main features of the detailed theory of cosmological recombination.

3.5.1  Dynamics of excited states of hydrogen and helium

Equations for the populations of hydrogen and helium atomic levels coincide, in
the general case, with Eq. (3.15). The main difference lies in the increase in the number of
hydrogen levels to N = 300 and in adding higher levels of He* to the analysis (see Fig. 3.3).
A new term responsible for collisional ionization, and the excitation of hydrogen atoms is
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included in the reaction rates «;; and B;; in addition to radiative processes:

aij = o + neCi;”. (3.36)

3.5.2  Radiation kinetics

As we saw in the three-level model of the hydrogen atom, the kinetics of cosmo-
logical hydrogen recombination is very sensitive to the behaviour of hydrogen resonance
lines. Resonance quanta take part in absorption, scattering and emission by hydrogen and
helium atoms, undergoing redshift because of the expansion of the Universe. The following
kinetic equation is used to describe radiation transfer within lines for the directions-averaged
intensity of quanta, instead of Eq. (3.21):

ay(v, t) ay(v, t)

— VH(t
ar VHO=5

Here j(v, 1) is the spectral power of the sources, k(v, ¢) is the radiation absorption coefficient
and H(t) = a/a isthe Hubble parameter at time . The ‘Sobolev approximation’ is used for the
coefficient k(v, ) (see Dell’ Antonio and Rybicki (1994)). For each cascade transition between
the levels i and j (i < j) of the discrete spectrum, we can introduce photons concentration
in the following equation:

AR;; = Pyj [n;[Aij + Bji B(vij, )] — n; Bij B(v;;, )], (3.38)

=-3H@)yWw,t)+cljw,t) =k, )y(w,t)]. (3.37)

where A;;, Bj; and B;; are the Einstein coefficients, B(v;;, t) is the spectral intensity of the
CMB radiation at frequency v;; and P;; is the probability that a quantum emitted in the
Jj — i transition does not undergo a subsequent scattering or absorption. By the logic of
the definition, P;; = 1 corresponds to the probability of a quantum ‘escaping’ to infinity,
and P;; = 0 signifies that all photons of the j — i transition will be absorbed by atoms. As
we have already seen for the Ly-« line of hydrogen, its dynamics in terms of the Sobolev
probability of ‘escaping’ corresponds to the approximation P;; < 1, while for all other lines
we assumed P;; = 1. Following Seager et al. (2000), we first consider the dynamics of
transitions between the i and j levels, neglecting the cosmological solution. In this case the
population dynamics for i and j levels is given by the equation

niRij =niBijy; njRji =n;Aj +n;Bjy, (3.39)

where
o0
y= f Y(v, )®(v) dv
0

and ®(v) is the line profile. To simulate ®(v), we can use, depending on the accuracy required
of the solution, the Voigt profile or the ®(v) = (v — v,) approximation.

In Sobolev’s approximation for the probability P;;, it is necessary to take into account the
expansion of the Universe, which determines the matter velocity field, v(r), at the scaler ~ L,
comparable to thermal velocity vr: L 2 8t/(dv/dr). On the other hand, the probability P;;
is a function of the optical depth of matter (Rybicki, 1984):

P;j = exp(—=1(v;;)). (3.40)

Here dt(vj;) = —Eq)(vji) dl, t is the optical thickness along the line of sight from the
point of emission to the point of absorption, and K is the integral absorption coefficient:
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K = f@(vﬁ). Introducing the notation x = (v — v;;)/Av, where Av is the line width (in
units of the Doppler shift of the frequency of quanta) and v;; is the frequency corresponding
to the line centre, we derive from Eq. (3.40)

~

K

According to Seager et al. (2000) the absorption coefficient, K,in Eq. (3.41) has the form

/’lpl)

K = E(I’l,’B,’j —I’liji). (342)

Then, taking into account that g; B;; — g;Bj; and Aj;; = (2hv3/c2)Bji, we transform K to
~  Ajikj ;
R= 220 (o)), (343)
8i

Substituting Eq. (3.43) into Eq. (3.41) and taking into account Eq. (3.40) we obtain for the
probability P;;

P;; = exp |:—1:x /OO D(x") dx'i| , (3.44)

oo

L. L 3kTm d_v’ A 3k T d_v
dv/dr ma dr c ma dr

Vo is the line centre frequency, m 4 is the atomic mass and 7y is the temperature of the matter.
Also taking into account that dv/dr = H, for the Hubble flow and choosing the normalization
of the line profile integral fooo ®(x) dx = 1, we derive from Eq. (3.44) expressions for 7, and
P, ij+

where

> =

T =

) R . N —n:
. = Ajlkij[nl(g.]/gl) nj]’ (345)
; 8w H(t)

1 —exp(—715)
T ’

P = (3.46)
It is easy to understand from Eq. (3.46) the dynamics of the sinking of the Ly-« line under
the absorption threshold. At high redshifts, when 7, > 1 and P,, >~ 1 /7, < 1, practically
all Ly-a quanta are absorbed by hydrogen atoms that are being formed. In the process of
recombination, the Sobolev optical depth switches to the mode with 7, < 1 and P,, >~ 1. In
the intermediate range of z, when 7 2~ 1, the probability for this ‘sinking’ is P,, 2~ 0.6 and
rapidly diminishes to 7, < 1 for z < 10%.

3.5.3  Thermal history of matter

Details of the thermal history of matter are extremely important when analysing
the asymptotics of recombination (z <« 10°), when the Compton scattering of the CMB
quanta fails to sustain the thermal contact, Ty = Tr. When constructing the thermal history
of cooling of the matter, we need to take into account, along with the Compton process,
the free—free transitions and the cooling via photorecombination radiation in the plasma. A
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detailed balance of these processes in a hydrogen—helium plasma was described in Seager
et al. (2000). We give here the final equation for the temperature of the matter:

dTM SO'TER ne(TM - TR) o
1+Z—_ +2T Al, 347
( ) Z 3H(Z)mec ne + nyg + nye 3KntotH(Z) Z ( )

i=1

where ny = ne + nyg + nye, €r is the energy density of the primordial background radiation
in the epoch with the redshift z and 7k is the background radiation temperature. The functions
of heating and cooling, A;, in Eq. (3.47) for various processes are as follows.

Free—free emission
25707 2wk Ty
33/2hpmec3

where g is the Gaunt factor, n,, is the proton concentration, and nperr and nper are
the concentrations of single- and double-ionized helium nuclei, respectively.

A =Ag=

12
p ) gitne(np + nyenn + 4npem), (3.43)
&

Photorecombination cooling

N n O\ LTE i (1)
Ay = +47 Nnen < d ) X f dv hp(v — vg)———— !
Z P NeNp v hpv

j=1

2V’ g, _hev ) 3.49
X = (v, Tr) | exp KT (3.49)

where o is the recombination rate to the jth level and the ratio (n /(ne np)) (the superscript
LTE stands for ‘local thermodynamic equilibrium’) is found from the equilibrium Saha
formula as follows:

LTE 32
nj _ & h? oEi/ KT
Nenp 28c \2mmek Ty ’

Photoionization heating

— Z / ““(”) v, T)hp(v — vp) dv, (3.50)

where ;;(v) is the ionization rate from level j to continuum.

Cooling in lines

A4 = —hp\)o[ R,] n,-Rij]. (351)

Collisional cooling and heating
As = hpvoCic,

(3.52)
A¢ = —hpvoCij,
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Figure 3.4 Multilevel model of hydrogen recombination. Upper set of curves: the standard
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(1999a).

where C;. and C;; are the coefficients of collisional ionization and recombination, respectively
(Mihalas, 1978).

3.6 Numerical analysis of recombination Kinetics

We will now consider various modes of recombination of hydrogen and helium as
functions of the parameters of the cosmological plasma in the framework of the mathemat-
ical formulation of the problem posed in the previous section. At the same time, following
Seager et al. (2000), we will monitor the error level generated in analysing the dynamics
of x.(z) in terms of the simplest model of the three-level recombination and with multilevel
approximation. Figure 3.4 plots the dynamics of the decrease in the degree of ionization in
two cosmological models with 2, = 1 but differing in the density of the baryonic fraction
of matter. The upper curves correspond to the model €2, = 0.05, 4 = 0.5, and the lower ones
to the model 2, = 1, h = 1. For each of these models, Seager et al. (2000) give the depen-
dence of the degree of ionization, x.(z), for various sets of levels of the hydrogen atom. As
we see from Fig. 3.4, the most ‘sensitive’ to the choice of model is the range z < 103, where
the maximum difference is obtained (of approximately one order of magnitude) between
the two-level and the 300-level approximations. We need to emphasize especially that in the
model with the 10-level hydrogen atom we find a substantial difference in residual ionization
at z = 0; it reaches a factor of 3.
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An important element of numerical analysis of hydrogen recombination dynamics is the
clarification of how the basic reaction rates of transitions 2P — 1S, 2S — 1S and the rate of for-
mation of neutral hydrogen atoms depend on the redshift, z. The dynamics of these processes
is shown in Fig. 3.5 for the two cosmological models plotted in Fig. 3.4. Figures 3.5(b) and
(c) show the corresponding reaction rates for the recombination of Hel and Hell. An impor-
tant conclusion that follows from Seager et al. (2000) is that by the moment when hydrogen
recombination started (z ~ 1500), helium recombination was practically completed. For the
two cosmological models mentioned above, this conclusion follows from Fig. 3.6, which is
a comparison of the results of detailed calculations of changes in the degree of ionization in
the course of Hel recombination and of the dynamics of x.(z) in accordance with the Saha
formulas for helium,

Ye(e =) _ @amekT +M )2 ot/ KT

for Hel — Hell,

1+ fie —Xe hiny (3.53)
1 32 :
(xle+ 21f fue)xe  (Zmm iST MY e KT for Hell - Helll,
He — Xc p/'H

where xper and xpeqr are the corresponding helium ionization potentials, fye = nyge/np =
Y,/[4(1 — Yp)], ny is the hydrogen concentration and Y, is the He* mass concentration.

On the basis of the available numerical data, Seager et al. (2000) proposed a generalized
model of the three-level recombination that takes into account the contribution of helium
recombination. This model is the basis of the program package RECFAST for computing the
ionization history of cosmic plasma. The package is widely used in analysing the anisotropy
of the CMB. In the framework of this generalized model, the dynamics of hydrogen and
helium ionization degrees is described by the following set of equations:

dXy _ ipVHelt
H(z)(1+ Z)d—Z = D(xy, XHe, Xo) | X - xgnupog — Pu(l — Xg) x e |, (3.54)

dXx Hell _ pVHent
H(z)(1+ Z)T = G(XH, XHe, X0) | XHe - XNHAHel — (fHe — XHer)E ™M |,

where ag = 5 x 10713 ;‘faf, cm?® s™! (see Eq. (3.27) for values of b and d) and

I—p 14+p7-!
T T; T ~
o[ [ (4 f7) (7)) e

X =X =XH + file - Xtte» ¢ = 107107% p = 0.711, T} =200 K, T, = 3K, f = 1.14.
The functions D and G that we find in these equations are given by the following expres-
sions:

_ 1+ Ags,isKunu(1 — xn)

[ Ku(Aas isnu(l — xi) £ + Kupunu(l — x)°
_ 1 4 Kpie Anenpe(1 — xpe)e s/ M

14 Kne(Ane + Bue)nne(1 — xpe)evrs/Kn”

where Ky, = Af_[e[/SnH(z), Ky = AiIZP/SnH(z), Apger = 58.433 nm is the wavelength of
the quantum corresponding to the 2'P — 1'S transition in the helium atom and, vps =

(3.55)

VHel 2'P — VHel 2!S-
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Figure 3.5 A comparison of reaction rates that dictate the hydrogen—helium recombination
kinetics. (a) 2P tolS transition rate (dashed curve) and 2S to1S two-photon decay rate
(dotted curve) against the recombination rate (solid curve) for CDM models with different
Q2 and &. The vertical line marks the level at which 5% of hydrogen atoms have already
recombined. (b) Same as (a) but for the Hel recombination. Dashed curve: the rate of the
2'Ptol’S transition; dotted curve: the two-photon 2'S to1’S decay; solid curve:
recombination rate. (¢) Hell recombination. Dashed curve: 2P tolS transition rate; dotted
curve: two-photon 2S to1S decay; solid curve: recombination rate. From Seager et al.
(1999a).
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The thermal contact between radiation and matter is described, as before, by Eq. (3.47),
in which the main part is played by Compton processes and adiabatic cooling resulting from
the expansion of the Universe. Using this modification of the three-level model of hydrogen
recombination as a basis, we consider the dependence of ionization modes, x(z), on the
parameters of the cosmological model.

3.6.1 The function x.(24m)

As our base model, we use the frequently cited ACDM cosmological model with
the following set of parameters: Q2,, = 0.3, Quh? =0.02,h =0.65and Qo | = Qun + O +
Q. To analyse the function x. () we fix the parameters 2,42 and £ of this model, but, at the
same time, we vary 2y, and €25, so that the condition 2, continues to hold. Using RECFAST,
we calculate the function x.(z), taking into account that the helium mass concentration is
independent of the value €2,,. The results of these calculations are plotted in Fig. 3.7. This
plot shows that as the density of dark matter 2, decreases (while 2, + 2, =~ 1), the degree
of ionization drops systematically in the whole redshift range 0 < z < 1500. In Fig. 3.8
we illustrate the corresponding ratio for ionization degrees x.(2y,)/x;(2n = 0.3) = ['(Qp).
Figure 3.8 demonstrates that differences in ionization degrees during the z ~ 103 epoch are
at the 10-25% level while the residual degree of ionization (for z = 0) for 2;;, = 0.1 is lower
by a factor of approximately 1.5 than in the model with 2, = 0.3. Qualitative arguments
support this result. Namely, a decrease in 2, is accompanied by a rise in 2, and, as a
consequence, by an increase in the age of the Universe. In its turn, the rate of expansion for z >
1 mostly depends on 2, and is practically independent of Q4 : texp ~ a/a ~ HO_l Q;ll/ 2273,
It is clear now that in models with lower values of 2, the age of the Universe for the
same z is higher and, therefore, a larger fraction of hydrogen atoms have sufficient time to
recombine.
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Figure 3.8 Parameter I'(£2,,) (ratio) as a function of redshift in the cosmological ACDM
model. The solid curve corresponds to 2;,, = 0.1, the dashed curve to ,, = 0.2.

3.6.2  The function x.(Quh?%)

The quantity x.(z) is plotted in Fig. 3.9 as a function of density of the bary-
onic fraction of matter in the base ACDM model. The main conclusion is that as Qph?
increases, the recombination rate, oy, grows, resulting in reduced ionization degree of
the plasma. In Fig. 3.10 we plot the ratios of the corresponding ionization degrees,
() = Xe(Qh?)/x(Quh?> = 0.02) for the two values of the parameters Q,h> = 0.01
and 0.03 in the entire range of variation of z. As we see from these curves, the residual
degree of ionization varies roughly by a factor of 2 in comparison with the Qp4% = 0.02
model.

3.6.3  The function x.(h)

Figure 3.11 gives the results of numerical calculations of the ionization degree for
three values of the Hubble constant: Hy = 50, 65 and 100 km s~! Mpc~!. The effect of
this parameter is not as trivial as that of 2, because, on one hand, it dictates the rate of
expansion of the Universe, and on the other hand it determines the recombination rate via the
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Figure 3.9 Degree of ionization as a function of redshift in the ACDM model for various
densities of the baryonic fraction. Solid curve: Q,h> = 0.02; dashed curve: Q,h* = 0.03;
dash—dot curve: Q,h% = 0.01; h = 0.65.
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Figure 3.10 Parameter I"(£2,) as a function of redshift. The solid curve corresponds to
Quh? = 0.03, the dashed curve to Qph% = 0.01.
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Figure 3.11 Degree of ionization as a function of z for various values of the Hubble
constant. Solid curve: & = 0.65; dashed curve: 1 = 1; dash—dot curve: 2 = 0.5. The base
model is ACDM with @, = 1, and €2, is identical for all models.
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Figure 3.12 Ratio of ionization degree I"(h) as a function of z for & = 0.5 (solid curve) and
h = 2 (dashed curve).

1.0000 3
0.1000 ¢ 3
= B ]
5 00100
0.0010 ¢ E

0.0001 [ ‘ ‘ ‘
1500 1000 500 0

z+1

Figure 3.13 Degree of ionization x(z) in an ‘open’ model: 2, = 0, Qyh? = 0.02,
h = 0.65. Solid curve: 2, = 0.3; dashed curve: 2, = 0.5; marked curve: Q,, = 1.

parameter Q4. Figure 3.12 plots the ratio of ionization degrees x(h = 0.5) and x(h = 1) to
x(h = 0.65) as a function of redshift z. As we see from this figure, the effect of this parameter
is comparable to that of Q.

3.6.4  The function x(2y,) in ‘open’ models

In this class of models we drop the condition 2, + 2, + 24 = 1, analysing differ-
ences in ionization modes in the so-called ‘open’ models of the Universe. In all models with
Qot < 1 we fix the parameters Quh? =0.02 and h = 0.65 and vary the parameter 2, from
Qn = 0.3 up to 2, = 1. The results of the calculations of the ionization degrees and their
ratios are given in Figs 3.13 and 3.14. On the basis of these numerical calculations of the
dynamics of the degree of ionization given in Section 3.6.1 for various cosmological models,
we can suggest the following approximation for x(2y, €2, #) (Boschan and Biltzinger, 1998):

x ~ QY- (3.56)
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Figure 3.14 Ratio of ionization degree I'(2,) = x(2m)/x(2yn = 0.3) in ‘open’ models.
Solid curve: 2, = 0.5; dashed curve: 2, = 1.

This approximation takes into account both quantitatively and qualitatively all specific
features of the function x (2, 2y, /) in the framework of the standard model of recombination
of cosmological hydrogen.

3.7 Spectral distortion of the CMB in the cour se of cosmological

recombination

One of the most important features of the ionization history of the Universe was the
formation of distortions of the primordial microwave background as a result of the complex
dynamics of interaction between Ly-« quanta and neutral hydrogen atoms. As we mentioned
in Section 3.6, this interaction results in ‘delayed’ recombination of hydrogen and, conse-
quently, of the formation of excess Ly-« quanta in the Wien part of the spectrum of the
primordial CMB. This specificity of recombination was emphasized in the pioneer papers by
Peebles (1968), and Zeldovich et al. (1969), where qualitative and quantitative estimates were
given of the level of distortion of the CMB spectrum in baryonic models of the Universe.
Recent progress in this field has left the understanding of the physical foundations of the
effect unchanged, but has led to a more detailed picture of spectral distortions (Boschan and
Biltzinger, 1998; Dell’ Antonio and Rybicki, 1993) and to its generalization to models that
include non-baryonic fractions of matter.

Mathematically, the problem of establishing spectral distortions of the CMB by recombi-
nation quanta boils down to finding the asymptotics of the solutions of transfer equations for
quanta in lines, described in Section 3.6 for t — oco. Mostly, Ly-a quanta and photons of the
two-quantum decay of the 2S level of hydrogen atom constitute the sources of distortions.
Following Boschan and Biltzinger (1998), we introduce variables that describe the kinetics
of formation of recombination distortions in the CMB spectrum:

~ h
T = / dtH(t); g, 7) = —n'(v,1); n'(v. 1) = n(v, 1) — (v, 1); x =1n TV
np
3.57)
where H (¢) is the Hubble parameter, n(v, t) is the radiation spectrum (concentration of quanta

incm 3 Hz ™), (v, 1) is the equilibrium Planck distribution, ny(7) is the baryonic concen-
tration and / = 13.6 eV is the hydrogen ionization potential. In terms of these variables, the
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equation for perturbations of the distribution function of quanta takes the form (Boschan and

Biltzinger, 1998)

(i—3> 305 PPN ALY, PP (3:58)
ot ox )8 T  2mhH(t)ny(t) e '

where Q(x, T) is the production of recombination quanta (in cm—3 Hz~! s7!). As we men-
tioned earlier, Q(x, ) depends on the generation of 2S — 1S and Ly-« photons:

O(x,t) = R ™ 28(x — x12) + Ry®(x). (3.59)

Here, x1, = x1 — x; is the frequency of the transition,

4
®(x) =0.7081e* W (56)‘) , (3.60)
where the function W(¢) was calculated in Spitzer and Greenstein (1951) and
8mvi, H -1
R, = ”v% (”ﬁ _ (e’k‘,z _ 1) ) (3.61)
C nis
Ry = Ass_1s - (nzs - n1s€7ﬁ> . (3.62)

As we see from Eqs (3.59)—(3.62), detailed information on the kinetics of hydrogen recom-
bination has to be taken into account to calculate the dynamics of formation of spectrum
distortions. Following Boschan and Biltzinger (1998), we reproduce here the results of a
numerical solution of the problem. Figures 3.15 and 3.16 show the behaviour of the spec-
tra of generated quanta at different stages of cosmological recombination in models with
Qiot = 1,2, =0.1,0.0l and & = 1 (2, = 0).

As we see from Figs 3.15 and 3.16, the main contribution to the spectral power of the
distortion source at the beginning of recombination for z ~ 10? is provided by Ly-« quanta.
However, as recombination proceeds, the gradually more and more important role shifts to the
two-quantum decay of the 2S state, which dictates the shape of distortions at low frequencies.
A comparison of Figs 3.15 and 3.16 shows that, amplitude-wise, the effect of the 2S decay in
models with low density of the baryonic fraction is substantially suppressed in comparison
with the case of 2, ~ 0.1. However, in this case as well, the same process dominates the
low-frequency asymptotics of distortions.

InFig. 3.17 we give the results of calculating the distortions of the Wien part of today’s CMB
spectrum as given by a number of cosmological models (Boschan and Biltzinger,1998, 1999).
As we see from this figure, the largest distortions of the Wien part of the spectrum are expected
on wavelengths A <220 pum at Q, ~ 0.1 and 2 >~ 1 and on A < 160 um for all values of
the parameters 2, 2, and h. At this wavelength the corresponding intensity of quanta is
107%-10"2* erg cm ™2 s~! ster~! Hz~! in the range 120 < A < 160 wm (see Fig. 3.17). We
see, by comparing the predicted intensity with the infrared background data (see Chapter 1),
that the intensity of recombination distortions is comparable with the intensity of background
(~3+5x 1073 ergecm 2 s~ ! ster"! Hz~!) and, in principle, can make a contribution to the
resulting IR spectrum of radiation comparable to other sources. If A < 120 um, recombination
distortions begin to fall off steeply and ‘disappear’ under the detection threshold. Note that
it would be very interesting to observe the anisotropy of the IR background distribution
in the wavelength range 120—160 pum. By virtue of the cosmological nature of spectral
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Figure 3.15 The contribution of Ly-« photons and of the two-quantum decay 2S — 1S to
distortions of the CMB spectrum. Adapted from Boschan and Biltzinger (1999).
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Figure 3.16 Spectra of recombination lines for a number of values of z in the models
(@) Qo =1,2,=0.1,h =1 and (b) Qix = 1, 2, = 0.01, & = 1 for the CDM model.
Adapted from Boschan and Biltzinger (1999).

distortions, the angular anisotropy must be characterized by variance comparable to that of
the primordial microwave background measured by COBE in the range of radio wavelengths.
It is possible that the ‘Submillimetron’ project would be able to measure the anisotropy of
the IR background in this range of wavelengths. This result would be a most important
confirmation of the theory of cosmological recombination and would, at the same time, make
it possible to obtain more accurate values of the cosmological parameters 2y, 2, and 4 in
our Universe.

3.8 Theinevitability of hydrogen reionization

The standard model of hydrogen recombination presented in Section 3.3 is based
on one very drastic assumption, the legitimacy of which is not necessarily obvious. We mean
the hypothesis that beginning with redshifts z ~ 3 x 10* and ending with z = 0, the Universe
never contained any other sources of ionization of cosmic plasma in addition to the microwave
background radiation. This assumption is certainly wrong for the epoch of z < 10, because
the very fact of the existence of galaxy clusters, especially quasars with high redshifts zq >~
3—6, proves that after the recombination epoch at z ~ 103, gravitationally bound structures
were forming in the neutral gas, constituting potential sources of gas reionization at the
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Figure 3.17 The overall pattern of distortion of the CMB spectrum by recombination
quanta in various cosmological models. Adapted from Boschan and Biltzinger (1999).

expense of internal sources of energy release (explosions of stars, active galactic nuclei, etc.).
The study of this epoch of reionization of cosmological hydrogen is a separate important
chapter of modern cosmology that continues to be researched actively now.

The observation of Ly-« lines in the spectrum of remote quasars provides an experimental
foundation for the conclusion on the inevitability of the hydrogen reionization epoch. Martin
Schmidt (Schmidt, 1965) was the first to conduct the observation of the Ly-« line in the
spectrum of the 3C9 quasar, which stimulated the famous work by Gunn and Peterson (1965).
In this paper, the authors formulated for the first time the conclusion that the observation of
Ly-« lines in quasars with redshift z > 2 signifies that, at this z, hydrogen is almost completely
ionized. According to Gunn and Peterson (1965) the optical depth of neutral hydrogen is
calculated on the basis of Ly-o line absorption using the following expression (see also
Barkana and Loeb (2000)):

T fuhann@s) s () 24z
O T m.CH(zs) HL0.02 0.3 10 ‘

(3.63)

Here, f, = 0.4162 is the oscillator strength for the line A, = 1216 /OX, H (zs) is the value of
the Hubble parameter for the redshift, zg, of the source and hyp(zs) is the neutral hydrogen
concentration for z = zs.

Treating the recent data of Fan et al. (2002) on identifying the lines of SDSS 1044-0125
quasar (shown in Fig. 3.18) in the spirit of the paper by Gunn and Peterson (1965), we can
evaluate the expected degree of hydrogen ionization. Assuming in Eq. (3.63) that zg = 5.8
and 7gp < 0.5, we find that the fraction of neutral hydrogen, xy;, must be infinitesimally
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Figure 3.18 Optical spectra of the SDSS 1044-0125 quasar at z = 54.8. From Fan et al.
(2000).

small: xy; < 107°. Therefore, we can be absolutely certain that already at z ~ 6 the epoch of
neutral hydrogen was replaced by the epoch of its complete ionization. We need to mention
that, regardless of the specific mechanisms that produce the reionization of cosmological
hydrogen at such a high redshift as z ~ 6, the current data on small-scale anisotropy of the
CMB (see the discussion in Chapter 6) show that the optical depth relative to the Thomson
scattering is unlikely to exceed tr >~ 0.2—0.3. A simple estimate of the maximum redshift
at which secondary ionization of hydrogen could take place for this constraint follows from
the definition of t1(z) (in Eq. (3.3)):

2\ 2/3 2\ —1/3

Zna =~ 20 (’_T)m (Qbh ) (th ) . (3.64)

0.2 0.02 0.126

The whole history of the changes in the hydrogen ionization mode thus unfolds within
a relatively narrow range of redshift, 6 < z < zn.x, at which the formation of the very first
objects in the Universe occurs. We have to emphasize that the specifics of secondary ionization
of hydrogen, including that at the maximum redshift, zn,x, at which reionization actually
begins, strongly depend on the type of dark matter (Barkana and Loeb, 2000) and in particular
on the characteristic scale of cut-off of the density fluctuation spectrum. Because of the
importance of detailed information on the inter-relation between the properties of dark matter
and the ionization history of the Universe at z >~ 20—30, we will now discuss this aspect in
more detail.

3.9 Type of dark matter and detailed ionization balance

There is no longer any doubt that the formation of structures in the expanding Uni-
verse is driven by the evolution of small perturbations of density, velocity and gravitational
potential that unfold at the early stages of cosmological expansion in the mixture of ultra-
relativistic matter and the ‘gas’ of primordial gravitating particles — the carriers of the future
dark matter of galaxies and their clusters. The theory of the origin of these fluctuations, and
the description of their specifics in a multicomponent medium, constitute a separate impor-
tant chapter of modern cosmology that started with the pioneering work of Lifshits (1946),
1. Novikov (1964), Bonnor (1957), Zeldovich (1970), Harrison (1970) and others, and still
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continues to progress. Two main elements of the theory of gravitational instability in the
Universe have attracted special attention in the last 10-15 years.

First, owing to the progress in inflation theory, it appears that the source of small pre-
galactic irregularity in the cosmic plasma was identified for the first time. Regardless of
the specific version of the theory (see Linde (1990) and Starobinsky (1979)) it is clear that
small ‘seed’ perturbations of density, velocity and gravitational potential can be traced to
quantum fluctuations of the vacuum of physical fields at the early stages of cosmological
evolution. Moreover, two problems that seemed to be remote from one another, namely that
of the beginning of the expansion of the Universe and that of the origin of the pre-galactic
fluctuations in the framework of the inflation paradigm, appear to have a common source: the
instability of the initial state of the vacuum (Linde, 1990; Starobinsky, 1979). It is beyond
the scope of this book to go into a detailed description of the current theory of inflation and
the origin of pre-galactic fluctuations in the Universe; they are presented in detail in Kolb
and Turner (1989) and Linde (1990) (see also the original papers by Guth (1981), Mukhanov
and Chibisov (1981, 1982) and Starobinsky (1979, 1980)). The problem of the early stages
in cosmological evolution is in itself no less interesting and fascinating than the problem of
formation of structures in the expanding Universe and the related physics of the CMB.

However, referring the reader to the above-mentioned Kolb and Turner (1989) and Linde
(1990), we will limit ourselves in what follows to the role of the ‘consumers’ of information
and assume as an unavoidable fact the existence of small inhomogeneities in the distributions
in density, velocity and gravitational potential in the multicomponent medium, both before and
after the cosmological hydrogen recombination; this medium included baryons, primordial
electromagnetic radiation, neutrinos and any background gravitating particles — the carriers
of dark matter.

Secondly, the evolution of perturbations in this multicomponent medium was accompa-
nied by a rise of gravitationally bound structures whose mass spectrum extended formally
from arbitrarily small values! up to the masses of clusters and superclusters of galaxies.
As these structures were being formed, the baryonic fraction of matter was also evolving,
accompanied by the emergence of first-generation stars. In fact, the process of the conversion
of gravitational energy to the energy of electromagnetic radiation (via stars) capable of ion-
izing the medium begins to play an important role at this stage, along with gravitational
processes.

The rate at which objects were formed in the Universe and the rate of reionization of
cosmological hydrogen, especially at redshifts z > 6, thus appear to constitute links of the
same chain. The most important factor for CMB physics is the effect of hydrogen reioniza-
tion at z ~ 10-30. The effect of this factor on anisotropy and polarization is, in principle,
detectable. The formation of galaxies with masses not very different from that of our Galaxy,
Mg, occurs at a relatively late stage (z ~ 1-2) in CDM models, and consequently it is clear
that the fact of early reionization at (z ~ 10—30) can only be caused by low-mass objects
with M « Mg that are formed at z >> 1. Hence, by testing the observational manifestations
at the early reionization of hydrogen, we could also answer the question about the extent to
which the spectrum of perturbations of dark matter stretches into the range of low masses,
and hence we could arrive at conclusions about the origin and nature of the dark matter.

! Provided CDM models do not contain a physical scale for fluctuation spectrum cut-off.
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3.9.1  Phenomenology of reionization

In this subsection we discuss a phenomenological approach to describing the hydro-
gen reionization epoch, as suggested in Tegmark, Silk and Blanchard (1994). Following this
paper, we define the fraction of the mass of intergalactic medium that is ionized,

k = fs- fuvep - fions (3.65)

where fs is the fraction of baryons contained in non-linear (gravitationally bound) structures,
fuvee is the number of UV photons emitted into the intergalactic medium per proton in non-
linear structures, and fio, is the number of ionizations per emitted UV photon.

As for a source of UV photons, Tegmark et al. (1994) suggested that they are generated
in stars and quasars. Using the fact that the transformation of hydrogen into helium in the
process of stellar nuclear synthesis is accompanied by the transformation of the fraction
~ 7.3 x 1073 of the proton mass into UV radiation, we obtain the following estimate for the
parameter fyypp:

2
mpc
1

fover =~ 7.3 x 1077 < > SH fourn fuv Sfeseo (3.66)

where [ is the hydrogen ionization potential, 7, is the proton mass, fy = 0.76 (76% hydro-
gen, 24% He®) is the fraction of the hydrogen mass in intergalactic medium, fyy, is the
fraction of hydrogen mass in stars, fyy is the fraction of energy contained in UV quanta, and
Jesc 18 the fraction of UV quanta escaping from galaxies into the intergalactic medium. With
Eq. (3.66) taken into account, we have the following value for « from Eq. (3.65):

Kk 2 3.8 X 10 frer f, (3.67)

where fne[ = fburn fUV fesc fion-
As the fraction of ionized gas is definitely below or equal to unity, Eq. (3.67) implies that

fretfs < 2.6 x 107°. (3.68)

The presence of a small parameter on the right-hand side of Eq. (3.68) demonstrates that the
condition of complete ionization of hydrogen can be achieved even if each of the co-factors on
the left-hand side is extremely small. At the same time, an evaluation of fs and f requires a
more meticulous approach, with a detailed scenario of structure generation in the expanding
Universe and energy transformation into ionizing radiation.

Evaluation of ionization efficiency, fnet

According to Eq. (3.67), the parameter fiet = fourn fUV fesc fion 1S determined by a
combination of parameters that describe the transformation of the energy of baryons into
ionizing radiation in the course of structure formation in the Universe. The first factor, fyum,
is connected to the metallicity of the gas immediately after the first stars were formed; owing
to their high mass, these stars must evolve over a fairly short time scale (Miralda-Escoude
and Ostriker, 1990).

The value of fy,m was evaluated from the data in Miralda-Escoude and Ostriker (1990)
at the level fyum =~ 1%. The upper bound of this parameter can be obtained by analysing a
model in which all baryons contained in a galaxy condense into stars with a combined mass
M =~ 30M, for which Woosley and Weaver (1986) evaluated the resulting metallicity at the
25% level. Consequently, the choice of fium =~ 1% ensures a 25-fold safety margin relative
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to the upper bound on this parameter. For the parameters f.,c and fyy that characterize
the escape of the UV radiation from the galaxy, the following estimates were obtained in
Miralda-Escoude and Ostriker (1990): fese >~ 10-50% and fyy =~ 5—50%; these obviously
follow from the fraction of stars in the mass spectrum of the objects formed.

In contrast to the parameters mentioned above, an estimate of the fraction of ionized matter
depends on the redshift, zyi, at which the first low-mass objects that include the baryonic
and dark matter are virialized.? It was shown in Tegmark et al. (1994) that an approximate
estimate can be used for the parameter fion:

fion = [1+0.8Qh(1 + zi0¥?] . (3.69)

An estimate of fio, > 0.1—0.95 was obtained in Tegmark et al. (1994) for M ~ 10°M,.
Combining the parameters foum, fuv, fesc and fion, it is possible to obtain the upper and
lower bounds on the changes in f;; in a model with Q4,, = 0.3, h = 0.5, 2, ~ 0.7 and
Quh? ~0.02:

1076 < frot < 6 x 1072, (3.70)

A considerable gap between the minimum and maximum values of f;. reflects the uncertainty
in the models of formation of low-mass structures (M < Mg) in the expanding Universe in
the epoch with z < 20 = 30.

Evaluation of the fraction, fs, of matter

The method of finding the fraction of matter that transferred into objects of mass
M at a redshift z is based on predictions of the theory of gravitational growth of small initial
fluctuations of density, velocity and gravitation potential that evolve in a multicomponent
media. Substantial progress in studying the non-linear phase in the evolution of such fluc-
tuations is predicated on the fact that the density of dark matter is greater than that of the
baryonic fraction by a factor of at least 8—10 and exceeds by five orders of magnitude the
CMB density. The inevitable conclusion from this is that the gravitationally bound structures
in the Universe are formed by the evolution of perturbations mostly in the dark matter, espe-
cially during the epoch z < 1.2 x 10*Q,,4% when its density dominated that of the CMB.
Following Peebles (1993), we consider specific features of this process in more detail, using
the framework of the hydrodynamic approximation:

08,

a—+ V[(1+3)U]—0

ou 1-

3—+Hu+ (u Vu)———VCD (3.71)

V2® = 47 Gpa’s
These equations are easily linearizable for small perturbations and reduce to a single equation
for density perturbations in the dark matter ‘gas’ (Peebles, 1993), as follows:
32
Jt a:2

5.8, =0, (3.72)

2 Typically, zy;; corresponds to the virialization of objects with a mass ~ 10° Mg, (Tegmark ez al., 1994).
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where p, is the dark matter density. It is known (see, for example, Peebles (1993)) that
Eq. (3.72) implies that §, has a solution that grows and then decays with time. In the general
case, 8, (7, t) can be rewritten in the form 8,(7, t) = f(x)D(t) < 1, where

(Qpa’ + Qa + Q)2 / da - a3
(QA03

D(t) =
® a’? + Qra + Qm)*?’

(3.73)

Q=1 — Quor, Quot = 2 + 24, and the function f(x) describes the spatial form of pertur-
bation density distribution, with a value known at a certain initial moment of time, #,. In what
follows we assume that the initial adiabatic mode of perturbations is generated in the process
of restructuring of the vacuum of physical fields at the inflation stage of evolution of the
Universe (Kolb and Turner, 1989; Linde, 1990). This means that we can use the expansion
to a Fourier integral,

[ = / Ex fre (3.74)

for the representation of the function f(x), where k is the wave vector and f are random
Gaussian coefficients that satisfy the relation

(fefi) = @rY’ Pk — ) (3.75)

and P (k) is the power spectrum of fluctuation density.

Since the thermal (peculiar) velocities of particles are considered negligibly small in CDM
models, the spectrum of P (k) fluctuations extends up to spatial scales comparable to dis-
tances between particles nl:l/ 3. At the linear stage of the evolution of fluctuations there is
no interaction between various harmonics of k. It is thus possible to introduce the concept
of smoothed field of density fluctuations by using, for example, the filter F(7¥) = 6(R — r),
where the scale R is connected to the mass of dark matter within a radius R as follows:
M = 4T”,odmR3. Then the density fluctuation field smoothed over the scale R retains its sta-
tistical properties, as does the field §(), but now it depends on the density contrast, (M), in
the sphere of radius R of the corresponding mass. For this smooth field the variance is given
by (Kolb and Turner, 1989; Peebles, 1985, 1993)

2 [ dk 3jikR) T
o (M) = /0 53k P(k)[—kR } : (3.76)

where ji(kR) = (sinx — x cos x)/x>.

Note that the linear evolution of fluctuations §,(7, t), similar to §z(x, t), follows one and
the same law (Eq. (3.73)). However, at the non-linear phase, when o (M) ~ 1, the pattern of
gravitational instability becomes more complex. Following Kolb and Turner (1989), Peebles
(1993), and Zeldovich and Novikov (1983) we consider the dynamics of a spherically sym-
metric region of radius R < ct in terms of the Newton approach. The equation of evolution
of the radius R(¢) in time takes the form

d’R ) GM
an = R =

where M is, as before, the mass of matter inside of the volume of this radius. The first term
on the right-hand side of Eq. (3.77) describes the role played by the energy density of the

, (3.77)
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Figure 3.19 o (M, z) for various masses M and redshifts z < 30. The thick solid curve is
the cold dark mass model (CDM); the middle curve is the warm dark mass (WDM) model
with corresponding cut-off masses M ~ 2 x 10'°2~! My, (short dashed line),
M >~ 1.5 x 10""h=' M, (dotted line and thin solid curve obtained by Sommer-Larsen and
Dolgov (1999); lower curve (long dashes) is M ~ 1.2 x 10242~ M. From Sommer-Larsen
and Dolgov (1999).

vacuum, which is important only for perturbations on a scale not exceeding

GM \'/ QA2 —-1/3 M3
R, = (—2 ) ~ 10( ) (—) Mpc,
HO Q A 0.7 M, 5
where M5 = 10 M,

If R <« Ry, the expansion dynamics obeys a conventional law for spherically symmetric
distribution of matter. If the total energy E = (R*/z) — (GM/R) < 0O then the spherical
region, having reached the maximum radius, Ry.x, begins to contract with the ensuing growth
in density (Peebles, 1993).

Using the linear law of increase 5o, /p,, we find the moment when collapse begins from
the condition §; = §p,/px = 8 = 1.686 (Peebles, 1993). Normalizing to D(z = 0) = 1,
we arrive at the criteria of formation of objects for arbitrary values of redshift z in the form
8e(z) = 1.686D~! (7). Therefore, in terms of variance o(M) of Eq. (3.76), the condition
of formation of gravitationally bound structures with mass M reduces to o (M) = §.(z).
Figure 3.19 shows the behaviour of the function o (M, z) for three values of redshift z, in the
case when the criteria of formation of objects with mass M is met.

Asbefore, the background parameters of the model were chosen as follows: Qe = 1, 2, =
1,22, = 0.7, h ~ 0.7. The fraction of matter not included into objects of mass M in the course
of non-linear evolution of perturbations equals, in terms of the variables f, and o (M, 7),

fe =erfc [ (3.78)

8
V2o (M, z)} ’
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Figure 3.20 Fraction of collapsed gas as a function of dark matter halo mass at

z+ 1 =235,30,25,20, 15, 10, 4 (from upper right to lower left). The thin portions of the
curves correspond to virial temperatures 10* < T,;; < 10° K. In these haloes, the cooling is
very efficient and all the gas is collapsed; the thick portions of the curves on the left mark
the objects with T,;; < 10* K and on the right objects with Ty;; > 103 K. The vertical lines
correspond to the smallest halo mass fully resolved by simulations with mass resolution
My, = 4.93 x 10?,3.94 x 10* and 3.15 x 10° M, (from left to right). As a quick reference
they correspond to 2563, 1283, 643 cubes with Ly, = 1 Mpc. The oblique lines show the
largest halo mass that we can find in cubes with Ly, = 0.5, 1, 2 Mpc. For details of
computations see Ricotti, Gnedin and Shull (2001), from which this figure is adapted.

or, using the definition for zy;; (Tegmark et al., 1994)

M) _ V2
oM, z=0)’

so that we obtain

14z
fe =erfc [m} . (3.79)

Figure 3.20 shows the behaviour of the function f.(M) for several values of redshifts z + 1 =
35, 30, 25, 20, 15, 10, 4 (upwards for solid curves) in the ACDM cosmological model. This
dependence was obtained in the course of numerical simulation of the process of structure
formation for masses from 104M® to M ~ 10'3M@ (Chiu, Gnedin and Ostriker, 2001).

We can now evaluate the efficiency of hydrogen ionization by objects of different mass
using Fig. 3.20 and Eq. (3.67) and (3.70). Equations (3.67) and (3.70) imply for the lower
bound fhe ~ 107° that ¥ ~ 0.38 f5 and that x reaches a maximum at fs ~ (5—6) x 1072
in the mass range 108 < M < 10°M, (see Fig. 3.21). The corresponding value, xmin >
2 x 1072, indicates that in this case the efficiency of hydrogen recombination is very low.
The corresponding redshifts, z;, are then close to z = 3, which is in obvious contradiction
with the observations of the Ly-« lines for the quasar SDSS 1044-0125 for z = 5.8. Values
closeto fs >~ (2—3) x 1072 are achieved in the mass range 8 x 10°—3 x 107 M, for z, ~ 10.

14z
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Figure 3.21 Fraction of baryons in stars versus redshift for two sets of simulations with
different resolution and box sizes. The three thick lines show 25611, 128L1 and 64L1
simulations with constant box size (Lyox = 1 Mpc) and varying mass resolutions

(Mg = 3.15 x 10°,3.94 x 10* and 4.93 x 10°M,,, respectively). The triangles show fiir
as a function of redshift in the limit of a simulation with infinite mass resolution and

Lyox = 1 Mpc. The three thin lines show 64L05, 128L1 and 256L2 simulations, with
constant mass resolution (Mg, = 3.94 x 10*M,) and varying box sizes (Lpox = 0.5, 1 and
2 Mpc, respectively). The squares show fy,, as a function of redshift in the limit of infinite
box size and mass resolution My, = 3.94 x 104M@. Note that the simulation 128L1
appears in both sets; therefore there are only five lines in the plot. Adapted from Ricotti

et al. (2001).

However, in this case, ymin 1S very close to 1%, which practically always signifies the absence
of recombination. In the ‘optimistic’ limit f,e >~ 6 x 1072, the total ionization of the medium
is achieved for fs =~ 4 x 1075, This level, fsmay), is realized in the range of mass from
2 x 10° M to 10'3 M, and covers the range of redshifts from z ~ 25 (for M ~ 2 x 10° M)
to z = 3 (for M ~ 103 M_,). Hydrogen recombination in this ‘extremely’ favourable model
is thereby achieved in a wide range of parameters (M, z). The situation changes dramatically,
however, if a ‘cut-off” is observed in the spectrum of initial fluctuations in a gas of cold
particles, near a mass M ~ 10" — 108 M. Physically, this cut-off of the spectrum occurs if
particles of dark matter possess, for instance, non-zero ‘thermal’ particle velocities that lead
to smearing of inhomogeneities on the scale Agis ~ vt - feq, Where vt is thermal velocity and
feq 1s the cosmological time at which the density of the dark matter becomes comparable to
that of the primordial background radiation.

In this model of ‘warm’ dark matter, the formation of structures with M < 107 — 108 M, ols
hindered owing to the ‘cut-off” of the spectrum (Bardeen et al., 1986; Dolgov and Sommer-
Larsen, 2001). However, the total recombination of hydrogen is only possible in these
models for z < 20, with the maximum ionization efficiency ( fpe =~ 6 X 10~2) taken into
account.
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We need to emphasize that estimates given above and the conclusions made concerned
polar values of f,¢ from Eq. (3.70), which takes into account both the lowest-efficiency and
the maximum-efficiency ionization thresholds.

It is possible at the same time to try to minimize the uncertainty of the parameters fpe and
fs., taking into consideration the fact that quasars are known to exist at z = 5.8 and there are
four quasars in the SLOAN review whose redshift z equals 6.28. Assuming that the fraction
of ionized hydrogen X = 1 at such redshifts z ~ 6, we immediately find from Fig. 3.21 that
the maximum of fs reached at M > 108 —10° M, equals (2—3) x 1072. Also, fye == 1074,
which approximately equals the geometric mean of fieymin) and freimax)-

We need to stress that the object of maximum interest for the CMB radiation physics
is obviously not the end of the hydrogen reionization epoch (when, according to estimates
of the Gunn—Peterson effect, the degree of hydrogen ionization falls to Xy ~ 107%) but
rather the earlier stages at which Xy ~ 0.1. An analysis of Ly-« lines of quasars in the
SLOAN review carried out in Chiu et al. (2001) and Djorgovski et al. (2001) shows that the
redshifts z; >~ 6.2 £ 0.1S 4 0.2r are a good estimate at the close of the reionization period.
At the same time, the beginning of this process could very well involve much larger redshifts,
z ~ 15—20, and could result in distortions in the anisotropy of AT distribution on the celestial
sphere.

This factor must at least be taken into account when processing and interpreting the data
of current and future observations of anisotropy and polarization of the CMB (see the remark
at the end of this chapter).

3.10 Mechanismsof distortion of hydrogen recombination kinetics

The standard model of hydrogen recombination presented in Section 3.3 predicts a
rapidly decreasing concentration of free electrons at redshifts z < 1400. In a realistic model
with Quor = Qam + b + Q4 =1 and Q, = 0.3, = Qph% ~0.02, h = 0.7, the degree of
ionization is found to be close to x. >~ 0.1 by z =~ 10? and reduces to x. >~ 102 for z ~ 800.
The optical depth of the plasma with respect to the Thomson scattering then becomes quite
low (t « 1), and at z < 800 the CMB quanta propagate freely, not being scattered on free
electrons. This picture, standard for each cosmological model operating with its own set of
parameters Qo, 2dm, L2b, 24 and £, is based on the assumption that it is precisely in the epoch
of redshift z < 1400 that the cosmic plasma contains no sources of non-equilibrium ionization
of hydrogen that would supply plasma with additional ionizing quanta not connected with
the kinetics of the Ly-« part of the CMB spectrum.

It is clear that if the power at which such quanta are generated exceeds the power of the
Ly-o range in the Wien part of the CMB spectrum, then the kinetics of hydrogen recombina-
tion should evolve according to a scenario that differs in principle from the standard model;
therefore, the characteristics of CMB anisotropy, shaped during the period of cosmological
recombination, should differ from those of fluctuations that are formed in the ‘standard’
model of plasma becoming transparent for radiation. A reservation is necessary here: the
epoch with redshifts z ~ 10° is definitely ‘peculiar’ for any models explaining the origin
of structures in the Universe. In Section 3.9, when we discussed possible sources of hydro-
gen ionization, we saw that the formation of gravitationally bound structures with masses
M ~ Mg ~ 10" M, proceeds in the framework of CDM models mostly at relatively low
redshifts, 7 < 2—3. The low-mass part of the spectrum (M ~ 10°—10°M,,) is responsible
for the formation of objects at z < 25—30.



3.10 Mechanisms of distortion 89

Note that this mass range is close to the Jeans mass, My, in the baryonic fraction of
matter precisely at the moment when the plasma becomes transparent for the CMB radiation
at z ~ 10°. This means that formally the spectrum of density fluctuations in the dark matter
gas contains perturbations with M < M, that could reach a non-linear mode at z ~ 10°.
However, the emerging low-mass non-linear structures would not, in fact, involve the baryonic
matter, let alone form the stars. We can add that at z ~ 10° the age of the Universe was only

2 Qumh?\
froe = ———3——— 10° < dm ) years,
3H0Zrec LY, Qn 0.15

which is insufficient for transforming the rest energy of baryons into ionizing radiation, even if
the primary stars were supermassive (M > Mjq,) (Tegmark et al., 1994). In fact, in addition
to stellar energy sources, there exists another mechanism that transforms the rest energy
of matter into radiation. We speak here of the electromagnetic decay of massive particles
X - X'+ y orX — X + e + e, in which the initial particle X is transformed into a new
particle X’ and a y quantum or an electron—positron pair is emitted. Moreover, it is not at
all necessary for the electromagnetic channel to dominate the X particle decays. It would be
sufficient for the supermassive (m > 10%) X particle to generate a quark—antiquark jet (X —
q + q), and then the annihilation of quarks would result in both a rapid ionization of decay
products and the formation of the electromagnetic component. Note that this mechanism
is considered nowadays as one of the sources of generation of superhigh-energy cosmic
rays (E > 10%°eV) in the so-called top-down scenario (for details, see Bhattacharjee and
Sigl (2000). The presented model of generation of excess ionizing quanta in the epoch with
z ~ 10° practically coincides with the model of evaporation of primary black holes (PBH);
the possibility of PBH formation in the early Universe was first considered by Zeldovich
and Novikov (1966) then by Hawking (1971). These objects are quite special in that their
formation requires only a relatively high — in comparison with galactic scales — amplitude
of adiabatic inhomogeneity (8p/p ~ (3—10) x 1072 at the moment ¢ ~ 2G Mgy /c® (Where
Mgy is the mass of matter collapsing onto a black hole on the scale of the cosmological
horizon).

An important feature of this potential remnant of the very early Universe is the effect of
quantum decay of PBH into particles (Hawking, 1974). The characteristic energy of particles
created in this decay is related to the mass of PBH by the expression

he hc hc?

Egy >~ — = X ,
BTN T (M) T GMgy

(3.80)

and the decay time is given by

M 3
ThH =~ 1y (TIB“HS) . (3.81)

A comparison of Eq. (3.81) and the characteristic time of the onset of the hydrogen
recombination epoch, e ~ 108(2,A%)~!/2, shows that Tgy ~ fye. for black holes with mass
Mgy ~ 1045 . 7212 ~ 1013, The characteristic energy of electron—positron pairs,  quanta
and neutrinos then equals Epy ~ 1.5 GeV, which is close to the proton rest energy. If we
assume that the transformation of the rest energy of the PBH to ionizing radiation is charac-
terized by a factor £, it is easy to evaluate the ratio of the density of PBH to that of baryons at
z =~ 10° that are capable of distorting the hydrogen recombination kinetics in this period. We
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have already seen in Section 3.3 that to violate the recombination equilibrium it is necessary
to provide additional energy release, €jon ~ I - np,. If this energy release is caused by PBH
of mass M ~ 10'3 g, evaporated during this period, then the energy balance yields the ratio

Inyar = Eppuc’, (3.82)
and
1
il ~ £l x . (3.83)
Poar [z~103 mpc?

The factor 1/ (mpcz) characterizes the ratio of the hydrogen ionization potential I ~~ 13 eV
to the proton rest energy, mpc2 ~ 1, and equals 1073, Therefore, if transformation efficien-
cies are not too small, & —1 ~10—102, the PBH with M ~ 103 constitute an extremely
small fraction of matter density (op/ppar ~ 1077 —107%) (Naselsky, 1978). Interestingly,
if the mass spectrum of PBH contained objects with Mgy =~ 10"3(m,c?/1) ~ 10**, then the
Hawking radiation spectrum would peak exactly at the energy E ~ I. However, such objects
evaporate completely over a time gy =~ 10%(m,c?/1)* ~ 10°° years, and the efficiency of
their influence on ionization processes in the epoch of z ~ 10* is suppressed by a factor
tree/Ton = (I /mpc?)?. Even if ppy = ppar and & = 1, these objects could not produce any
noticeable distortion of recombination kinetics — owing to the smallness of the fraction of
the mass of PBH transformed into radiation (¢ /Ty ~ 10724,

As a last step, we follow Landau, Harari and Zaladarriaga (2001) and describe another
potential channel for distorting hydrogen recombination kinetics, not related directly to the
injection of additional photons: time-dependent fundamental physical constants. This would
inevitably result in time-dependent atomic constants which, in principle, may not be equal to
their current values (Ivanchuk, Orlov and Varshalovich, 2001; Varshalovich, Ivanchuk and
Potekhin, 1999). As we saw in Section 3.3, the dynamics for the plasma becoming transparent
for primordial radiation is tied to the kinetics of Ly-« lines via the rate of the two-quanta decay
of the metastable 2S state of the hydrogen atom; hence, a weak variation of these parameters
may be accompanied by strong changes in the dynamics of the degree of ionization.

We are talking here about studying the stability of recombination kinetics, especially at its
initial stages at z ~ 10, that is the actual time of formation of anisotropy of the primordial
radiation background. Clearly, regardless of the specifics of mechanisms and sources of
energy release, this aspect is of independent interest; we discuss it in Section 3.11.

3.11 Recombination kineticsin the presence of ionization sources

In this section we consider the possible distortion of the kinetics of cosmological
hydrogen recombination if there exist sources of non-equilibrium Ly-a quanta that occur in
the process of decay of hypothetical massive particles or via evaporation of PBH. In principle,
the effects of distortion of ionization equilibrium depend considerably on the dynamics of
the ‘ionizer’, on its energy density, decay energy spectrum, kinetics of transformation from
the maximum energy E,« to the quantum energies ~ I and a number of other specific
features of ionization sources. However, following Peebles, Seager and Hu (2001), we can
offer a sufficiently general phenomenological description of a ‘non-equilibrium’ hydrogen
recombination by formalizing the effects of various mechanisms of pumping ionizing quanta
into the plasma. Namely, by analogy to Peebles ez al. (2001), we introduce the rate of pumping
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an excess of ionizing quanta into the plasma, as follows:

dn i
dr

where ny is the concentration of neutral hydrogen atoms, H(¢) = a/a is the Hubble param-
eter, and y, (¢, E) is the efficiency of transformation of the spectrum of injected high-energy
particles into ionizing radiation. Note that in contrast to Peebles et al. (2001), we assume that
X«(E, t) is a function of time, whereas in the model in Peebles et al. (2001) x,(¢) is a con-
stant. In a general analysis of hydrogen recombination kinetics in the presence of an ionizer
(Eq. (3.84)), two characteristic time intervals can be pointed out, differing in principle in the
role played by Ly-a quanta in the formation of the ionization equilibrium (see Section 3.3).
The first of them corresponds to redshifts z < 1400 when Ly-o quanta of the CMB play a
decisive role in the formation of the curve y.(z), and the second corresponds to redshifts
z < 800 when the role of Ly-o quanta becomes insignificant and recombination processes
dominate over ionization processes in the absence of additional ionization sources. We need
to emphasize that this important role of Ly-o quanta in the standard model of hydrogen
recombination occurs entirely due to the Planckian nature of the CMB spectrum and, specifi-
cally, due to its Wien section, where the number of quanta with energy E ~ [ is considerably
smaller than that of quanta with £ ~ %1 = hvyy-o. For non-equilibrium ionizers (Eq. (3.84))
this condition may in general be conserved or violated (see, for example, Doroshkevich and
Naselsky (2002). We make use of the fact that the initial stages of recombination — when the
role of Ly-o quanta of the Planckian spectrum of the CMB is important — are limited in time
to a relatively narrow interval of redshifts, Az ~ 200 at z ~ 103.

For a qualitative analysis of the situation, we expand the function x (¢, E) into a Taylor
series in the neighbourhood of a moment of time, ., corresponding to z = 10*:

Ox(Eq,t
Xt B) = xle, By + EERIDN ) (385

= x(OnuH(), (3.84)

Trec

Starting with Eq. (3.85), we introduce a characteristic time for the variation x (¢, E,):

T _ X(tre(:v EO()
* Ax /0t by

If the pumping of non-equilibrium quanta into the system is of quasi-stationary nature not
connected with instantaneous energy release, then 7, ~ #,.. and the second term in Eq. (3.85)
can be dropped. Consequently, an approximate equality, x (¢, E) >~ x(E), holds.

Let us consider possible types of behaviour of the function x (E) in the neighbourhood of
energy E, = %I = hv,. From the most general point of view we can simulate the dependence
k(E) at E ~ E, as a power-law function:

E

Y
X(E)=¢g, (E_a> &y = const. (3.86)

If y > Obutis not too high (y ~ 1), the difference in the efficiency of generation of ionizing
quanta with £ ~ [ and of Ly-«a quanta is found to be roughly given by

XE=D _ <§>V~1
x(E=: \3) 7~
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Figure 3.22 Ionization modes in models with ‘delayed’ recombination (a) Corresponds to
Eq. (3.87); (b) corresponds to an ionizer active at small redshifts (z < 10?). Adapted from
Peebles, Seager and Hu (2000).

In this case, the excess Ly-« quanta do not play any important role in the kinetics of hydrogen
recombination because the concentration of non-equilibrium quanta with energy E >~ [ is
comparable to that of quanta with E = %I . A similar conclusion holds also if the spectral
exponent y < 0 but still is not too large. The case when y < 0 and |y| > 1 is an excep-
tion. Then x(E = I)/x(E = 31) ~ ()" « 1 and the role of quanta with E = 21 at high
exponent y becomes predominant.

First of all, these additional quanta sum up additively with Ly-o quanta in the Wien part
of the CMB spectrum and start playing a significant role in the ionization balance of the
medium, mostly acting as an additional source in Eq. (3.24):

R =R+ eunuH (), (3.87)

where R is given by the expression in Eq. (3.24). Using Eq. (3.87), it is easy to take into
account the renormalization of the ionization and thermal balances in the framework of the
RECFAST program and calculate the function x.(z, &,) for various cosmological models
(Peebles et al., 2001). Figure 3.22 plots various ionization curves in the model of ‘delayed’
recombination for Q2ph2 = 0.02, Qi = 1, Qam = 0.3, & = 0.7 and Q, = 0.7. We see from
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this figure that as the power of the ionizer (&, ) increases, the curve x. (&4, z) is ‘flattened’ in the
range 700 < z < 1400. Hydrogen recombination becomes increasingly delayed, even though
the change in the residual degree of ionization (at z = 0) is not so large in comparison with a
drop of 2-3 orders of magnitude in the function x.(z) for z >~ 800— 10°. Obviously, low values
of ¢, >~ 0.1—1 result in insignificant distortions of the ionization mode at z =~ 103, which
is the most important range for the formation of temperature fluctuations of the primordial
background radiation.

In the opposite case of asymptotics, when the concentration of quanta with £ ~ [ is
comparable to or exceeds the concentration at E ~ %I , the role of non-equilibrium Ly-«
quanta in the formation of the ionization equilibrium of the plasma is not so great. In the limit
when the effect of excess Ly-a quanta on the recombination kinetics becomes negligible,
the main mechanism of distortions is the ionization of the 1S state of the hydrogen atom.
Figure 3.22 gives the results of calculations of the degree of the ionization, x.(z), in this
model for various values of ionizer power, x (E) = & =const. (Peebles et al., 2001). As we
see from this figure, non-equilibrium hydrogen ionization leads to considerable distortions of
the function x.(z) at z < 103, even at relatively low values of the parameters & = 107> —10.

To conclude this section, we follow Peebles et al. (2001) and evaluate Compton distortions
of the primordial radiation spectrum that are produced in the process of ‘pumping’ of non-
equilibrium photons with E ~ I into the plasma in the z < 10 epoch. Since the rate of
energy pumping is given by the relation in Eq. (3.87) that characterizes the level of distortion
of the primordial radiation spectrum, we can make use of the estimate

N 15[ _ Sal’lHIfF ~1 _980,fF
YT 4, T 40t ooty 2105

(3.88)

where ¢; is the density of ionizing quanta, eg = o T* is the energy density of the CMB,
Ty, = 2.73 K is its current temperature, o is the Stefan—Boltzmann constant, f is the fraction
of the energy ¢; contained in the distortion of the spectrum of the CMB radiation and F is
the fraction of the energy of ionization sources contained in quanta with E ~ I. Since the
observational bound on the y parameter is yops < 2 X 1077, itis clear that &, f F < 2 x 10*
at z ~ 103, Figure 3.22 clearly shows that even at extremely large values of the parameter
£ = 10* the condition of the smallness of y distortions is always met. Therefore, spectral
distortions are insensitive to the parameters of the ionizer, and the main information on
its characteristics may be obtained directly from the data on the distribution of the CMB
anisotropy, taking into account ionization modes more powerful than in the standard ionization
model (Doroshkevich et al., 2003; Naselsky and Chiang, 2004; Naselsky and Novikov, 2002;
Sommer-Larsen et al., 2004).
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Primordial CMB and small perturbations
of uniform cosmological model

4.1 Radiation transfer in non-uniform medium
When describing transfer processes involving quanta in a uniform and isotropic
Universe in the preceding chapters, we used the Boltzmann equation in a symbolic form:

df

— = §[f], 4.1

s SIf] 4.1
where f(t, X", p') is the distribution function of quanta in the primordial background radi-
ation over momenta p' (i =0, ..., 3) and coordinates X" (v =1, ..., 3), and S[f] is the

collision integral. In Section 2.1 we were mostly interested in the structure of the collision
integral for photons colliding with electrons, under the assumption of uniformity and isotropy,
ft, x", p) = ft, p).

At the same time, the fact that the observable (luminous) matter in today’s Universe is
strongly structured signifies that the hypothesis of uniformity and isotropy of matter distri-
bution has only a limited domain of applicability and that the corresponding cosmological
model needs certain modifications. For gravitating systems the role of such a source of weak
non-uniformity was traditionally played, ever since the publication of Newton’s famous
Philosophiae Naturalis Principia Mathematica (Mathematical Principles of Natural Phi-
losophy) and after later work by James Jeans, by the fluctuations of density, velocity and
gravitational potential of the matter. It is natural that this hypothesis attracted the attention of
theorists. We need to emphasize in particular E. M. Lifshits’s pioneering paper (Lifshits, 1946)
on the gravitational instability of matter in the expanding Universe. Nowadays the presence of
primordial fluctuations in cosmological plasma is a fact, not a hypothesis. Direct observations
of the anisotropy of primordial radiation background, carried out by a number of groups of
experimentalists, indicated that the plasma was ‘perturbed’ already in the hydrogen recom-
bination epoch. This inhomogeneity resulted in perturbed distribution functions of CMB
quanta, which behaved not only as fluctuations of the collision integral §[ f ], but also as per-
turbations of the momenta of quanta related to the perturbation of the gravitational potential.

In a uniform and on-average isotropic Universe that contains metric perturbations, the
interval takes the following form:

ds? = (Gik + hix) dx dx* = —dt’[1 + 2W(X, )] + @[] + 2B(X, )] + yap dX* dx”,
(4.2)

where W(X, t) and ®(X, t) are conformal perturbations of the metric given in the Newtonian
reference form, y, is the metric tensor of the three-dimensional space, a(t) is the scale factor,
and i and j run through the values from 0 to 3, and & and 8 run from 1 to 3.

94
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Metric perturbations given by Eq. (4.2) are one of the sources of distortion of the distribution
function of quanta as a result of the gravitational shift in their frequency. Taking this factor
into account, we can rewrite the left-hand side of Eq. (4.1) as follows (Peebles and Yu, 1970):

df _of  of dxv  af dp®  af dy®

at = ot axe dt app dt  ay« dt

(4.3)

The following notation was used in this equation: dx% /dt = p*/d p° is the coordinate velocity
of photons, gixp' p* = 0 is the relation between the energy and momentum of the photon,
dp;/dt = %g jk,i € p' p¥/p°) is the change in the photon’s momentum in its motion along the
geodesic, and y* = —(p*/p°)(1/a)(1 4 ®) are the direction cosines.

As before, the distribution function of quanta, without taking into account the collision
term, conserves the number of particles; i.e.

N = /d3x d*pf(x, p), (4.4)

regardless of the presence of metric perturbations hjy.

We need to specify immediately that as far as the problem of generation of CMB anisotropy
is concerned, the term on the right-hand side of Eq. (4.3), proportional to dy /dt, is in itself a
small quantity ~ & and 3f /3y is non-zero only when the geodesic deviates from a straight
line. This condition is met because of non-zero spatial curvature, whose role in the epoch of
formation of small-scale anisotropy of primordial background radiation is not important. In
any case, the last term on the right-hand side of Eq. (4.3) is of a higher order of smallness in
comparison with other terms and can be neglected in the first approximation in the amplitude
of metric perturbations. Let us turn now to analysing the gravitational frequency shift of
quanta dp°/dt in Eq. (4.3). First of all, p’ changes with time because of the expansion
of the Universe (see Section 2.1); this is simulated by the metric perturbation h,g. The
following equation is obtained from Eq. (4.3) for the rate of change of the energy of a
quantum:

ét—?ﬂ = (—H(t) + %haﬂy"y")>, (4.5)
where hyg corresponds to a spatial part of the perturbations for o, § = 1,2, 3.

We turn now to an analysis of perturbations of the collision integral in Eq. (4.1). We have
already discussed in Section 2.1 the basic processes of interaction between quanta and plasma
electrons characterized by the corresponding expressions for S[ f]. In the general case the
collision integral has the following form in the approximation linear in velocity:

3 P [ dQ
sm—ZaTne/dpBfg[co[mcub[fn. 46)

Here, Cy[ f] follows from Eq. (2.14) and C,, [ f] follows from Eq. (2.15). Substituting Cy[ f ]
from Eq. (2.14) into Eq. (4.6) and integrating in photon momentum, we obtain

S[f1=orne[fo — T + vuyp T, 4.7

3 [dQ 1
fhH, %)== | — [y*y? — =s%) f.
t, X, p) 4/47:(7”’ 3

where
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Likewise, we find the following expression for the term C,, [ f] corresponding to the linear

Doppler effect,

afo

ap’

where f( corresponds to the non-perturbed (Planckian) distribution function.
The last step in deriving an equation for the perturbation of the distribution function of

CMB quanta in the presence of fluctuations of density, velocity and space-time metric consists

in the transition from perturbations f (t, X, P) to temperature fluctuations. To achieve this,
we multiply Eq. (4.3) by (p%)? and integrate it in d p°, taking into account the definition

_AT _1épy 1 / 0% f —
0= _4py_4[ dp’(p”*f —11. (4.9)

S,[f]= _O—Tne(yava)p (4.8)

2p,
The resultant equation is as follows:

. Ve 00 1 _ar 1 1
0+ = — vy Phyg =omn [ -0, — Y 0% — O+ —y, 1% ), (4.10
t S oxe 2V ¥ Nap=or e<4(7y Yol t1gVers (4.10)

where

e = i/dsz o, X, 7) (y“yﬂ — 13“/3) .
b4 3

Note that the equation for temperature fluctuations ® up to the quadrupole term 1%
was first obtained in Peebles and Yu (1970). The Doppler part of the collision integral was
studied in Doroshkevich, Zeldovich and Sunyaev (1978) and Zeldovich and Sunyaev (1970).
In fact, the significant difference between the predictions of observable manifestations of
primary Doppler perturbations in the CMB anisotropy and predictions made in the 1970s
lies in taking into account the cosmological hidden mass and its effect on the formation of
gravitationally bound structures. At first glance, the inclusion of an additional component of
matter that manifests itself only gravitationally cannot greatly change the regime of generating
the anisotropy of AT. However, there exist a number of principal differences that show that
this hypothesis is incorrect. We have already mentioned that the presence of dark matter
in the Universe changes the kinetics of the hydrogen recombination. Formally, this effect
manifests itself through the time dependence of the Thomson optical depth on the right-hand
side of Eq. (4.10). Another important difference lies in the specific features of perturbation
evolution in the gas of carriers of the cosmological hidden mass and, as a result, in an
absolutely different sequence of structure formation stages compared with models that were
popular at the beginning of the 1970s. These ‘details’ gave rise to specific quantitative factors
that sometimes reach 10>—10° for the characteristic levels of fluctuations AT. Section 4.2
describes additional details of this aspect of evolution of perturbations and classification of
their types.

4.2 Classification of types of initial perturbations

To describe the dynamics of small perturbations in an expanding Universe we first
need to introduce an orthonormalized set of eigenfunctions that make it possible to monitor
time changes in their amplitude. The assumption of a uniform and isotropic expansion of the
Universe forms the background against which perturbations of density, velocity and the metric
of space-time are defined; it is thus an important starting point for this classification. In contrast
to the non-perturbed ground state, these perturbations are functions of spatial coordinates and
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time. The idea of classifying the possible lengths of time of perturbations in the expanding
Universe was first formulated in Lifshits (1946) (see also Lifshits and Khalatnikov (1960)).
The main results of that 1946 paper constitute one of the most important chapters in modern
cosmology and withstood with flying colours more than half a century of testing.! Following
this paper, we define three types of eigenfunctions of the Laplace operator defined on the
hypersurface t =const.: scalar modes Q(X), vector modes Q%(X) and tensor modes Q*/(X);
when the coordinate reference frame transforms, these three types transform according to the
laws of transformational of scalars, vectors and tensors, respectively (Landau and Lifshits,
1962) as follows:

Q=0Q,
X%
o __ " ry
Q" =-7Q" 4.11)
axe gxP
af — 1y8 X' .
Q 357 3 Q7 (x)

Taking into account Eqgs (4.11), we consider the problem of eigenfunctions of the Laplace
operator on the hypersurface t = const.

4.2.1  Scalar modes

Assume now that the metric properties of the hypersurface t = const. are given by
the metric tensor y,g, where « and 8 = 1, ..., 3. The problem of finding the principal values
of the Laplace operator in the metric y,g reduces to finding the solutions of the equation

V2QX) = ¥ Qup = —K°Q, (4.12)

where K are the eigenvalues and the semicolon indicates the operation of covariant differ-
entiation in the metric y,g, corresponding to constant curvature E = —H02(1 — Qp — Q).
For a flat space (29 + 2, = 1) the space curvature E = 0 and y,g = 8,5, Where u4 is the
Kronecker delta. In this model the spectrum of eigenvalues is continuous and the natural
representation for the function Q(X) is a set in plane waves of the type K% If the space
curvature is non-zero, the problem of finding the spectrum and the Laplace operator eigen-
functions depends on the sign of E. Note that E vanishes in ‘close’ models, E > 0, while in
‘open’ models E < 0; this signifies that the total density of matter may exceed (E > 0) or be
less than (E < 0) the critical density of matter p., = 3H02 /8w G. Let us consider a specific
model for y,g that corresponds to a three-dimensional space of constant (positive or negative)
curvature E:

Yap dX* dxP = —E~! [dx* + sinh® x(d6” + sin® 6 dp?)], (4.13)

where x = +/—E - £ are spatial distances and 6 and ¢ are the corresponding angles in the
spherical reference frame of the metric, Eq. (4.13). Then the problem of finding the Laplace
operator eigenfunctions reduces to finding the solutions of the following equations:

V2Q(x, 6, ¢) = —E sinh ™2

d a a a 02
X [a (sinh2 X£> + sin~! 9£ (sin@a—(5> + sin_zea—(p?] = —k’Q,

(4.14)

1 Additional types of possible initial perturbations, not connected with metric perturbations, will be discussed later.
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where, by virtue of the linearity of the equation for the description of the angular velocity
Q(x. 0, ), we can use spherical harmonics Y"(6, ¢). Then

Q(x, 6, ) = GOV, ») (4.15)
and Eq. (4.14) immediately implies

d"*'(cosvy)

[ I 2, =2, 2 —1/2
GL00 = (=DM P20 4 ) sindl xS

(4.16)

where
K2 | (|2—1)E
2 _ . — - 1 ke — .
v_—<E+l>, M|=an ko=1; k'_l_T’ I =1

Since the spherical harmonics Y,"(6, ¢) are orthonormal, the condition of orthonormaliza-
tion for Q(x, 0, ¢) in the form (4.15) requires that the functions G'U( x) be orthogonal and
normalizable:

/GL(X)G'U’,(x)sin h?x dy = %8(1} V)8l —1"). 4.17)
v
Note that the functions G' satisfy the following recursive relation:
d o ' 12gi-1 L+ 1 2
—G, = —KkK,"°G, — kK, /{G 4.18
ds " 20 +1 +2|+1 I+17 (4.18)

This last relation is especially important for finding the ‘response’ of the CMB anisotropy to
the metric perturbation in models with E # 0, since Eq. (4.15) implies that ® from Eq. (4.10)
satisfies Eq. (4.18).

Let us have a good look at the model with E < 0, which is of special interest as one of
the possible alternatives to the ACDM cosmological model, with the data on the age of the
Universe taken into account. Following Wilson (1983), the spatial part of the metric tensor
Yap in this model for k > +/—E can be chosen in the Cartesian coordinate system in the form
Yap = Sap/ Z2(—E); for each fixed z the metric of this model corresponds to the metric of flat
space with |X| < oo, |y| < oo and z > 0. Then the Laplace equation in the y,g metric has
the simple form

Q  9Q  9°Q ,9Q _
VIQ=-EZ|—=+ ——=+—= —K? 4.1
Q Z<8x2+8y2+822>+ 9z Q. (4.19)

and the eigenfunctions are the generalized functions of the type
Q(X, ¥, 2) = ZK;, ((k  2)e * ey, (4.20)

where K;,(X) is the modified Bessel function of the second kind of index iv, i = /—1,
k? =k} + K, and k; and k, are the components of a two-dimensional wave vector. In view
of the Kantorovich—Lebedev relations

*° 2 ° d
a(y) = /0 fOOKix(y)dx;  f(x) = ?xsinh(mo /0 a(y)Kix(y) 7y (4.21)
we can show that

[ee) 2
/ v sinh(zv)K;, (K, 2)K;, (K, Z)dv = %ZS(Z - 7).
0
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Then, any function F (X) integrable on a square can be presented as an expansion in generalized
plane waves (Wilson, 1983):

F(X) = /Oovsmh(nv)dv/ dkl/ F(K)Q(X, K) dks,

F(k) = = / f /0 dx /0 F(X), Q(X, k)dy, (4.22)

where Q(X, k) corresponds to the definition (4.20), and X = (X, Y, ) and k= (ki, ko, v). In
this way the representation (4.22) makes it possible to define the concept of the perturbation
spectrum of the open Universe following similar definitions for the ‘plane’ case with E = 0.

In conclusion it should be remarked that the transition from an ‘open’ model to a closed
one is done by a formal substitution xy — ix.

4.2.2  Vector and tensor functions
Following Lifshits’ classification, we introduce vector eigenfunctions of the Laplace
operator on the hypersurface t =const:

V2Q, = —(K)HQ,. (4.23)

Note that Q, = 0.

The zero-divergence condition signifies that it will not be possible to construct a Q,-based
scalar in the first order in amplitude Q,. At the same time, it is possible to use covariant
differentiation operations to define a tensor as follows:

Sf = Q;f 4 wa (4.24)

Under the condition Q, Q% = 1, the corresponding normalized tensor for flat space is defined
by & = (1/IkD(k? Qu + k, Q).

Finally, following Lifshits (1946), We introduce tensor eigenfunctions of the Laplace oper-
ator, G#, that satisfy the conditions G «p = 0and Gy = 0, where, as usual, repeated indexes
imply summation. In view of the definitions given above, any perturbation of the metric, den-
sity and velocity of the matter can be presented as an expansion in scalar, vector and tensor
modes. In a flat Universe this expansion takes an especially simple form because conventional
plane waves of the type ¢*% are used as base functions,

1 1 k? >
hf = { 86 m®Qx + (3 8 — kj‘(—2> Qeia® + 3O + Gﬁ(ﬁ)m(t)} e,
(4.25)

where w1 (t) and o (t) describe the temporal dependence of the potential modes, while p3(t)
and u4(t) characterize the vector and tensor perturbations, respectively. It is clear from
Eq. (4.25) that Spur(hﬁ - ) = h = u(t)Q is determined only by the function y(t) from the
expansion of h? in scalar functions.

Likewise for the ‘vector’ part of perturbations of the metric tensor hg the corresponding
expansion in mode types will contain only the gradient part of the scalar mode ~ Q., and
explicitly the vector mode §,,

0%, 1) = (0 (DS, + ikev2(D)Q} e, (4.26)
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where v;(t) and v, (t) — hg are the corresponding functions taking into account the evolution
of hY in time.

We need to emphasize especially that in what follows we are mostly interested in the
observational manifestations of scalar and tensor modes in the anisotropy and polarization
of the primordial CMB. The vector modes, whose role was discussed so widely at the end of
the 1970s and the beginning of the 1980s (see Zeldovich and Novikov (1983) do not comply
with the hypothesis of uniform and isotropic expansion of the Universe, at least during the
epoch of cosmological nuclear synthesis (see Zeldovich and Novikov (1983) and references
therein). However, the role of vortex (vector) perturbations is important at the non-linear
phase of the evolution of the perturbations. In fact, in view of the extreme smallness of space
scales for which the generation of the vortex component could be significant, they leave the
characteristics of anisotropy of the CMB radiation practically unaffected.

4.3 Gauge invariance

The choice of the class of reference frame plays a very important role in describing
the dynamics of evolution and spatial distribution of perturbations of metric, density and
velocity of matter (Landau and Lifshits, 1962). This problem of ‘choice’ is not anything
specific and inherent in perturbations per se in the expanding Universe. The root of the
problem may be traced back to the covariant formulation of the equations of general relativity
in which the form of equations is independent of the choice of reference frame whereas
the form of solutions does depend on it. This factor is of principal importance in analysing
the behaviour of perturbations in the expanding Universe because without a special analysis
the effects of coordinates can be easily mistaken for true physical effects. Following Hu
(1995), we will consider this aspect in more detail for a scalar mode of perturbations. The
most general form of presenting the perturbation metric for this type of perturbations has the
following form:

Ooo = —32[1 + 2¢(C§)Q]’
g()j = —azllfé’)QJ , (427)
Oup = az[yaﬂ + ZHE(E)J/aﬂQ + ZHE(E)Qaﬁ]’

where Qj = —k!Q,j and Qj; =k2Q;;j + %y,j Q, the index G is a mark that the corre-
sponding functions belong to a specific reference frame and § = | dt/ais conformal time. Let
us consider a shift in spatial (X*) and temporal £ variables in response to scalar perturbations
Q that also automatically perturb the reference frames:

E=£4+TO, X% = X* 4+ LO~. (4.28)

Here the tilde corresponds to the perturbed reference frame, and T and L are the corresponding
functions of time £. We now make use of the rule of transformation of the metric tensor gk
from one reference frame to another:

oo OXT X" a a
Gik(§, X) = = oo Gm(§ — TQ:x* —LQ%). (4.29)
Then the metric perturbations hjx = gix — Gk are related to perturbations of coordinates by
the following relation:

hik = Gik(€, X*) — Gik(&, X*) = Gnk(8X)] + Gni (6X") k — Gik.n(8X)". (4.30)
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Substituting Eqs (4.28) and (4.29) into Eq. (4.30), we arrive at the following law for function
transformation:

<ZG=¢G—T/—%/T, 4.31a)
¥ = yO+ L +KT, (4.31b)
HS = HES — %(L — %/T, (4.31c)
HE = HE 4+ kL, (4.31d)

where the prime (') stands for the derivative with respect to time t.

4.3.1 The Newtonian gauge
Following Hu (1995), we define the Newtonian gauge by the condition 1; =
I—~|$|G=N = 0. The reference frame with this gauge will be referred to as Newtonian. From
Eq. (4.31b) we obtain
we L
T__T_?’ (4.32)
and Eq. (4.31d) implies that

Lo ]
ok

Substituting Eq. (4.33) into Eq. (4.32), we see that the transformation of perturbations from
an arbitrary reference frame to a Newtonian reference frame follows the law

H (4.33)

wo HS 1 g
T=—\t L=— H. (4.34)

The components of the perturbation metric in the Newtonian reference frame are then given
by
N_ 6, 1[ag9 aH9Y
k k2 ’
(4.35)

1 a/ EG H/G
¢EH§=H§+§H$+E<?- k; )

For the sake of completeness, we give the expressions for perturbations of density §X, pressure
8 Py and velocity of matter vy in the Newtonian gauge (Hu, 1995):

a BG H/G
o =80 +3(1+ w0 [——+ : }

k K
a| BS HY
8P =8P +3(1 + 0)Ci— [—T+ k;] (4.36)
HS
W=V —xO - = h

where the index X stands for the matter component and wyx = Px/px. The relation between
the Newtonian gravitational potential and density perturbations is given by the following
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relation that follows from the Poisson equation:

& = 47G(@%)pr [3? + 3%(1 + wr)(vf — BG)/k} . (4.37)

4.3.2  Synchronous gauge

The choice of a synchronous reference frame is one of the most widespread in
analysing the behaviour of perturbations in the expanding Universe. Formally it corresponds
to the conditions S = &5 = 0. As we see from Eqs (4.27), the condition ¢S = 0 signifies that
perturbations of the gy component of the metric tensor are absent and £5 = 0 automatically
turn the gp; component to zero. Equations (4.31d) immediately imply that

T= éfakpG de + %d, L= —/(56 +KkT)dé + C,, (4.38)

where C; and C, are arbitrary constants determined by the initial conditions. It is then
straightforward to find from Eqs (4.38) the corresponding relations between H3, HS and
H3, HS, by substituting Eq. (4.38) into Eqs (4.31d). To conclude this section we give the
relation between perturbations of the metric ® and W given in the Newtonian reference frame,

and perturbations hs = 6HS and & = —HJ — 1H3 determined in the synchronous gauge:
W—L[ah/+6 9] O =— +—/h’+ £ 4.39
= JKla ( S 0Sg)| » = —& 2k2a( S Us)~ (4.39)
4.4 Multicomponent medium: classification of the types of scalar
perturbations

An important feature of the modern theory of the evolution of scalar perturbations
in the expanding Universe is that the theory takes into account the multicomponent nature of
the medium; it includes electromagnetic radiation, the baryonic fraction of matter, electrons,
muons, T neutrinos and massive particles — carriers of cosmological hidden mass. Each of
the components listed above has its own history of interaction with other components which
inevitably modify the dynamics of evolution of scalar-type perturbations, both within each
subsystem and on the whole for matter density perturbations (including all its components)
and for metric perturbations related to them. The situation becomes even more complicated
if we assume that the ‘cold’ hidden mass that today constitutes practically 30% of the critical
matter density may itself have a more complicated composition; that is, it may include several
components, each of which is identified with its own massive carrier (particle, black hole,
etc.) that had its own history of evolution in the course of the expansion of the Universe.

In this section we concentrate mainly on what types of perturbations are possible in such
multicomponent media, by detailing the classification of perturbations types that typically
belong under the scalar mode (see Section 4.2).

4.4.1 Adiabatic (isentropic) modes
We begin by specifying the definition of the total density of matter in the Universe
ot and the total pressure in the framework of the hydrodynamic approach:

B = Y &, Po =) P, (4.40)
i i
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where i stands for the type of the corresponding component. We write &; in the form

&i = &) + &, M), (4.41)
where §;(t, I') is the corresponding density perturbation in each component:
~ g — &)
G, t)y = —. 4.42
ir, o a® (4.42)
By analogy to Eq. (4.42) we define the perturbations of partial pressures
- P — R
sPIF 1) = — ! 4.43
D= "5 (4.43)
and partial entropy densities
§-S®
8§ = ——~. (4.44)
S

One of the more important assumptions that we use to classify scalar types of perturbations
in a multicomponent medium is that the temperature of each component was the same at the
very earliest stages of cosmological expansion and equal to radiation temperature, and, as a
consequence, its perturbations can be expressed in terms of fluctuations of this temperature:

§ = 3£. (4.45)
S T
Following Ma and Bertschinger (1995) and Zeldovich and Novikov (1983), we introduce the
specific entropy of radiation normalized to the density of the baryonic charge Ny,,, such that

S/b = S, /Npar. The fluctuations of this quantity are given by

8Sp _ 0S8N (4.46)
%/b S/ Nbar
First of all we define the standard adiabatic mode of perturbations by the condition S,/ S, =
0 and the standard entropic mode by the condition §S,,/S,, = const. (Zeldovich and Novikov,
1983). For the adiabatic mode we obtain, from Eqs (4.45) and (4.46),
3£ _ 58& o 8gy SNy
T 4 ¢, & + P, Npar

. (4.47)

Following Ma and Bertschinger (1995), we generalize the definition of Eq. (4.46) to the case
of multicomponent media, as follows:
én i 58;,
nj & +P
where the index | refers to all massive components, including baryons. Taking into account
that 6nj/n; = 4§ and §, = d¢, /e, =4(5T/T), we obtain from Eq. (4.48) the following
equation that relates perturbations in each component to perturbations in electromagnetic
radiation:

(4.48)

Sp=0x=...0y=>8, =28, =6, (4.49)

Here 6y, represents the baryonic fraction of matter, dy, . . . , 8y corresponds to various fractions
of cold hidden mass, and §, and 8, refer to massless neutrinos and hypothetical light particles,
respectively.
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4.4.2  ‘Isopotential’ modes

In the West, the term ‘isocurvature perturbations’ is usually used instead of ‘isopo-
tential modes’, indicating that this sort of perturbation does not perturb the spatial curvature.
In its turn, this means that the total density perturbation of the multicomponent medium is
zero — perturbations in each component have such phases that the combined perturbation
deior = 0. The condition d&y,, = 0 leads to the following equation that relates perturbations
in each component:

5T
> o misn +4e,(1+ Riy)— =0. (4.50)
i

Here m; is the mass of the ith non-relativistic fraction of matter (baryons, various types of
dark matter), R,, = ¢, /¢, and ¢, is the sum of energy densities of massless neutrinos.
Assume now that the adiabaticity condition, §; = én;/n; = %8},, is violated for one of the
components of hidden mass, while it holds for all other components including the baryonic
fraction. In this case we have that fori # j §; = %5), and from Eq. (4.50) we obtain

ST
&8 + |:3ZS| +4e,(1 4 RW)} =0. 4.51)
i#]

This result implies that the relation between temperature perturbations §T/T and §; is as
follows:

T
= = ‘) 5. (4.52)
T 3 ZI# g +4e,(1+R,y)

As we see from Eq. (4.52), the condition of isopotentiality §&; = 0 in a multicomponent
medium, including partial adiabaticity and non-adiabaticity of at least one non-relativistic
component, results in certain phasing of perturbations in electromagnetic radiation and mass-
less neutrinos in this ‘peculiar’ massive component (see Eq. (4.52)). The relation between
the perturbations §S,;/S,j and 6T/ T,

5S,; 8T [ |y i S ey(1+Rvy)}

591 _ 30T 45 =500 (4.53)

Sj T T
is easily obtained by using the expressions for the perturbations of specific entropy of radiation
for each jth kind of particle (see Eq. (4.46)). Now, Eq. (4.53) shows that isopotentiality of
the perturbation signifies at the same time the existence of non-zero specific perturbations of
entropy. However, in the general case this type of perturbation cannot be reduced to the purely
entropic mode, owing to the adiabaticity of perturbations in all massive components with the
exception of the jth component. This effect reflects the specificity of the multicomponent

media in addition to the properties of the baryon—photon ‘fluid’ discussed in Zeldovich and
Novikov (1983).

€]

4.4.3  Entropic—isopotential mode

Let us turn again to Eq. (4.50) and consider a situation in which perturbations in
all massive components i do not satisty the adiabatic relation §; = %8y. We introduce the
specific entropy of radiation normalized to the concentration of particles of the species i,
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assuming as before that neutrinos are massless. Consider the perturbations
) 1) an ST
o = S 05 o _ 8T 5. (4.54)

S S om T
We again assume that the condition of isopotentiality of perturbations in the form (4.40)
continues to hold. Substituting Eq. (4.54) into Eq. (4.50), we obtain

(ST _ Zi EiOj

. , 4.55
T 360t +46,(1+ R,y ( )

where gop = Y _; &. It is clear from Eq. (4.55) that for this mode of perturbations, fluctuations
of specific entropy oj are the source of temperature fluctuations of CMB and massless neutri-
nos. The perturbations of the radiation energy density and radiation temperature at the early
stages of expansion, when &, 3> &4, are small but finite: T/ T = (3 &i0i)/4e, (1 + Ryy).
As the condition & o a3 is satisfied for each non-relativistic component, and &, ~ a*,
then T/ T o a and tends to zero as a — 0. As the scale factor increases, the densities &
and ¢, reach equality at & = a4, and the asymptotic behaviour (for a > a.q) 6T/ T reaches
the maximum 6T/T =~ % > Xioi, where Xj = &; /&1

4.4.4  Isothermal mode

The multicomponent nature of the medium allows the emergence of new modes
that have no analogues in a simple baryon—phonon model of perturbation evolution in the
expanding Universe that was widely discussed in the middle of the 1960s to the end of
the 1970s (Zeldovich and Novikov, 1983). The most impressive example of these sorts of
differences is the isothermal mode in which 6T/T = 0 and the isopotentiality condition,
Eq. (4.11), is satisfied. The absence of perturbations in the relativistic component signi-
fies that the distribution of baryons and hidden mass is phased in some special manner as
follows:

Z 0id = 0. (4.56)

As follows from Eq. (4.56), the positive density contrast in baryons is compensated for by
the negative contrast in all components of dark matter,

1
s 3 misi, (4.57)
b pb i 191

where py, is the baryonic density and the sum is taken only over the sorts of particles comprising
the hidden mass. Fori = 1 (i.e. in the model with only one species of particle that carry the
hidden mass) Eq. (4.57) is found to be especially simple: 6, = —(pox/0b)x, Where py is the
density of these sorts of hidden mass carriers. Taking into account that py /o, > 1, we obtain
[8] > |8x|. Formally, at the limit of applicability of the linear theory, perturbations in the
‘gas’ of hidden mass cannot be less than —1. This corresponds to the density contrast in the
baryonic gas:

Px Qxhz
8b >~ — = s
oy 2ph?

(4.58)

where Q,h? and Q,h? are the current values of the hidden mass and baryon densities in units of
critical density of matter. Assuming Qyh? ~ 0.127 (24 ~ 0.3; h = 0.65) and Q,h? ~ 0.02,
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we obtain the upper bound on the density contrast in the baryonic component to be §, < 6.3.
It should be emphasized again that this estimate goes beyond the linear approximation and
is used here only as an example. However, using the idea of isothermal isopotential modes
as a launching pad, we can pose a much more important problem: what are the properties of
the ground state of multicomponent matter that we previously assumed to be uniform and
isotropic? Section 4.4.5 deals with this aspect in more detail.

4.4.5  The origin of potential functions

This subsection deals with possible modifications of the model of the on-average
uniform isotropic Universe in the presence of various types of scalar perturbations, undoubt-
edly including non-linear configurations. In contrast to the preceding subsection where we
made no assumptions concerning the existence of characteristic perturbation scales, in what
follows we assume that a special scale An,x exists, such that isothermal perturbations can
develop in a non-linear mode if A < Anx While the amplitude of these perturbations is zero
if A > Apax. At first glance, assumptions made about some putative peculiar linear sizes
smaller than the physical scale of the current galaxies may appear artificial. A hypothesis that
no such peculiar scales exist, first formulated by Zeldovich (1970) and Harrison (1970) in
relation to the adiabatic mode appears more appealing. The corresponding spatial spectrum
of perturbations is known as the Harrison—Zeldovich spectrum. When discussing possible
types and characteristic scales of perturbations in a multicomponent cosmological plasma,
we should not forget that without specific implementation of the models of the origin of the
perturbations, it would be just as ‘dangerous’ to arrive at conclusions about the presence
of specific parameters as to suggest that no such parameters exist. It is widely recognized
that the most promising approach to explaining the source of the initial irregularity in the
Universe is through progress in the theory of the early inflationary stages of the expansion of
the Universe. Therefore, all possible characteristics of perturbations must be treated within
the framework of the inflation theory.

A considerable amount of work has covered the analysis of this approach, for example
Kolb and Turner (1989) and Linde (1990). We need to point out here that the first correct
derivation of the shape of the spectrum of small perturbations in terms of inflation theory
was obtained for tensor perturbations by Starobinsky (1979) and for scalar perturbations
by Guth (1981), Hawking (1982) and Starobinsky (1982). Important contributions to this
problem were made by Lukash (1980), Mukhanov and Chibisov (1981), Starobinsky (1980)
and Kompaneets, Lukash and Novikov (1982). We cannot for obvious reasons go into a
detailed discussion of these impressive achievements of current inflation theories in this
brief subsection, and therefore we refer the reader to the original papers cited above. As
in the preceding chapter, we act as consumers of information and consider as adequate
for the purposes of this subsection to make use of the fact that, in the framework of the
inflation scenario, the current irregularities on galactic and larger scales originate with the
quantum noise of the physical fields — precisely in the period of the inflational expansion
of the Universe. Furthermore, it is found to be sufficient for the generation of non-adiabatic
perturbation modes that there exist a mixture of various fields, for example scalar ¢ and x
fields, whose evolution triggers the generation of both adiabatic and isopotential modes —
under a certain combination of parameters of the p—y interaction (Novikov, Schmalzing and
Mukhanov, 2000; Polarski and Starobinsky, 1994; Turok, 1996).
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The level of predicted fluctuations of both the adiabatic and isopotential types may be
different, depending on the specific choice of parameters in the inflationary mode, and may
reach extreme values, §p0/p ~ 1.Itis then natural that the spatial scales of such non-linear per-
turbations cannot reach the scale of clusters and superclusters of galaxies because they would
inevitably cause strong anisotropy of the primordial background radiation in the hydrogen
recombination epoch. To illustrate the possibility of the existence of adiabatic and isopo-
tential types of characteristic scales permitting the existence of well developed (§p/p ~ 1)
isopotential modes in the spectrum of perturbations, we turn to an analysis of the specific
models of early inflationary stages.

4.4.6  Peculiarities of the inflaton potential

In accordance with the general ideology of inflationary scenarios we assume that
the dynamics of the expansion of the Universe at the earliest stages of cosmological evolution
(t — 0) is dictated by the scalar field ¢(X, t) that simulates the vacuum state of matter. The
scalar field ¢(X, t) contains a classical part, ¢(t), and quantum fluctuations, 8¢ (X, t), which
are functions of the spatial and temporal coordinates (Linde, 1990). The classical component
of the field ¢ in the uniform and isotropic Universe evolves in conformity with the standard
equation

. 3. Vv
3y _ V. 459
FTERRIRART 900 (459)
9 2
3H2 = 87 ( 8‘”{ + V(gpc)> , (4.60)

where V (¢) is the potential of the scalar field ¢, ¢ = dg/dt, and we use the system of units
h = C = G = I. For the adiabatic mode we use the gauge-invariant vy related to the quantum
component of the scalar field ¢, (Linde, 1990):

1 o o
PR = 55 / (akvk(t)e_‘kx + a,ju’k*(t)e—lkX) d’k, (4.61)

where & and &; are the creation and annihilation operators, respectively. The dynamics of
vk(t) is described by the following equation:

2
vy + [kz - E% + %az} v =0, (4.62)
where vy = 3% /0E2, £ = [(1/a)dt. We need to stress that the set of equations (4.59)—
(4.62), a basis for any inflationary model, relates the dynamics of evolution of the classical
component of the field ¢ and quantum noise @4(X, t). In the absence of singularities of the
potential V (¢), as for example in the model V(@) ~ (A/4)(¢)* or a simpler model V (¢) ~
m2¢? /2, the most important condition that allows us to calculate the spectrum of adiabatic
perturbations generated from the function vi(t) is the approximation of slow evolution of the
field ¢ at the very start of inflation:

82(,0

at?

2

9
< 3H|gl, a_(/; < 2V(9). (4.63)
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In this approximation the theory predicts that the spectrum of fluctuations in the adiabatic-type
metric is given by (Linde, 1990)

V3 ()

PO~ K v e

lk=akp) » (4.64)
where H () is the value assumed by the Hubble parameter when the field ¢ reaches a certain
value @i, that corresponds to the termination of the inflationary mode. For monotone poten-
tials V (¢) that possess no singularities of the type dV/d¢ — 0 on some range (¢;; ¢,), the
predictions of the inflation theory are quite specific. The spectrum of adiabatic perturbations
of density becomes

Py(k) ~ Ak, (4.65)

where A is the spectrum amplitude, which coincides in form with the Harrison—Zeldovich
spectrum. However, the situation changes radically if the inflaton potential contains an area
(o1 < @1 < @) where % ~ (0 (Ivanov et al., 1994; Starobinsky, 1992a,b). In this case,
Eq. (4.64) formally implies that the amplitude of fluctuations becomes infinite. Obviously,
this singularity is non-physical. Its formal emergence indicates that the slow rolloff approxi-
mation at the plateau of the potential V (¢) is inapplicable. In view of this, Ivanov et al. (1994)
arrived at the following general form for the spectrum of adiabatic density perturbations in

the simple model of potential V (¢) discussed above:
P(k) = A’kD(k), (4.66)
where D(K) >~ 1 for k < k, and

A LT sin(2kRy)
DK~ |1+ -Ly3| |1+3——= fi ky <k < kg; 4,
(k) [+A;y}[+3 KR, } or ky <k<ki; (4.67)

R, is the characteristic scale of perturbations that intersect the horizonaty = k;/ky > 1,k =
at)H(),i = 1,2, t; is the moment of time when ¢(t;) = ¢;, and A] and Ai characterize
the step in the derivatives of the potential at ¢ = ¢; and ¢ = .

As follows from Eq. (4.67), a region of sharp increase in fluctuation amplitude, reaching
the level D'/2(k) ~ (A /AT)y>, will form in the spectrum of adiabatic perturbations at
y > 1. Assuming, for the sake of evaluation, A, / A;“ ~ 1 and y ~ 20, we obtain that the
‘enhancement’ factor D'/2 may reach ~10* or higher values, remaining nevertheless localized
in the zone of wave factors k; < k < k;. Note that the position of the ‘plateau’ in the spectrum
of adiabatic perturbations is a naturally free parameter that depends on the positions of ¢;
and ¢, on the potential V (¢). Note also that the effect of formation of the ‘plateau’ on the
spectrum of primary perturbations was used by Ivanov et al. (1994) to evaluate the fraction of
mass of the matter that was transferred to primary black holes at early, post-inflation, stages
of cosmological expansion. The parameters ¢; and ¢, were chosen in such a way that the
typical mass of the primary black hole was close to 1 M. The density of such objects today
was chosen to be equal to the density of MACHOs in our Galaxy.

It is clear therefore that the specifics of the epoch when primary fluctuations are formed
may have very important cosmological consequences. One of them, the formation of massive
primary black holes, is directly related to the excess of power in the short-wavelength part of
the spectrum of adiabatic perturbation modes.
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4.4.7  Multicomponent inflation and generation of isopotential modes

One of the non-trivial ideas of modern inflation theory is the explanation of the
possible causes of generation of isopotential modes by perturbations of isopotential type, in
addition to adiabatic perturbations. We know from Section 4.4.6 that if inflation is controlled
by a single scalar field, the emerging perturbations are always adiabatic. The quantum part
of the field always produces perturbations of the metric, and hence the initial irregularity
of the Universe is purely adiabatic. In this scenario, isopotential modes can only arise at
the decay phase of the field ¢ into particles at the end of inflation when reheating of the
Universe takes place. We discuss this aspect in detail in the following. Together with this
process, however, the isopotential mode can also be generated during the inflation itself if it is
sustained by another field x (assumed to be scalar for simplification), in addition to the scalar
field ¢ (Kofman and Linde, 1987; Linde, 1984; Mukhanov and Chibisov, 1981; Mukhanov
and Steinhard, 1998). Let us consider the simplest model of the isopotential mode following
the ideas of Mukhanov and Steinhard (1998). We assume that the energy—momentum tensor
for the fields ¢ and y is diagonal and we choose the Newtonian gauge ® = —W in Eq. (4.35).
Then the equations describing the evolution in time of the non-perturbed fields ¢ and x have
the following form (Mukhanov and Steinhard, 1998):

1. .
3HD = —20; 3HR = —2d; ® = (Vi v+ Vap), (4.68)

where H is the Hubble parameter, V,(¢) and V,(x) are the two components of the potential
Vg, x) = Vi(p) + Va(x), V| = dVi(p)/d¢, and V; = dVa(x)/0x.

As in Section 4.4.6, we use the approximation of slow variation of the fields ¢ and x
in the form (4.59). By analogy with the model with a single scalar field we introduce per-
turbations §¢ and §x, assuming formally the wave factor to be zero, |R| = 0. This means
that we have selected the long-wavelength approximation. Then, making the replacements
8¢ = V(v and §x = V,u we obtain the set of equations for the perturbations v and p as
follows:

1. .
3HD = —20; 3HL = —20; ® = (Vi v+ Vo), (4.69)

where V = dV/dt. It is not difficult to see that in this set the difference between the pertur-
bations v and p reduces to a single constant,

w=v+4g, 4.70)

where g = const. Then we have, for metric perturbations,

... . .
® = [(Vi + Vv + gVa]. (4.71)
Returning to Eqs (4.69), we immediately note that
Vi + V, Vs
v+ v=— . 4.72
Vi +V, gV1 + Vs, ( )
The solution of this equation has the following form (Mukhanov and Steinhard, 1998):
U_C—gVQ‘ _C+gV1
ViV, SRRV VA

4.73)
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where the integration constants C and g are found from the conditions
= aHlk=aH, v=PBH|k=aH, 4.74)
and o and B are coefficients ~ 1:
, (4.75)

1 voou
g=—<—.——.)
3H\e %/ lkzan

C=—1H< v, ¥ ﬁ,)
2 \\it+Vap Vi+Vox
With this normalization of constants, the corresponding perturbation of the gravitational
potential is given by

o=acH 4 gL ViVaz VoVt

H?2 H Vi+V,

The first term in Eq. (5.18) (see Section 5.2) corresponds to the standard adiabatic mode that
is characteristic of the single-component model of inflation. The second term describes the
entropy mode (using the terminology of Mukhanov and Steinhard (1998)).

Let us consider the possibility of formation of the isothermal mode with ® = 0 in the
framework of the two-field model of inflation. In view of Eqs (4.70) and (4.71), we obtain
for this mode of perturbations the following relations:

Vs Vi

Vi+V, Vi+V,
Itis not difficult to see that this solution is a particular case of the general solution of Eqs (4.73).
A comparison of Egs (5.19) and (4.69) immediately yields that V,/(V; + V,) = const. = A
and V,/(V; + V,) = const. = B; that is, for the isothermal mode with zero perturbations of
the metric to exist, it is necessary that the potentials V;(¢) and V,(x) be linearly dependent
functions in at least one interval ¢ € (¢1, ¢2)and x € (x1, x2). Indeed, in view of the relations
Vi =V, ¢and Vo = V/ - x and Eqs (4.68), we arrive at the following relations:

YA vy
V2 + (V)2 VD2 + ()2
Equation (5.20) immediately implies an equation that relates V;(¢) and V,(x) in the region
o, o2 U Dxis x2l = S

oV B oV,
— ==,/ ——. 4.79)
R1%) A dy
The simplest model of the potentials V| and V, in the domain €2 is the linear dependence
Vi(p) ~ Ci¢ and Vo (x) ~ C,x. Then, owing to Eq. (5.21), C; and C, must be related by

B
C = i\/%cz. (4.80)

In this case the total potential of the system, Vio (¢, x), is also a linear function in the fields
¢ and x:

B B
Viel(e, x) = i\/%Czsv +Cx =G <x + \/;<p> . (4.81)

K=aH

(4.76)

b= —g 4.77)

A+B=1. 4.78)
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Note that, as in the preceding section, the localizations of singularity of the potential result
in a violation of the adiabaticity of fluctuations and in the emergence of new isopotential-
type modes localized within a specific interval of the perturbation spectrum. We need to
emphasize especially that the simplest model of two-scalar non-interacting fields could have
a much more complex generalization. It is important to know, however, that the conclusion
on the relation of these anomalies to the peculiarities of perturbations in the cosmological
plasma will obviously remain unchanged. This is the reason why the role of observational data
in the anisotropy and polarization of primordial radiation background becomes enormously
important when we finally try to answer the question of how was the Big Bang unfolding in
the framework of the inflation paradigm?

4.5 Newtonian theory of evolution of small perturbations

Beginning here and until the end of the chapter we will discuss various modes of
evolution of perturbations, both of adiabatic and isopotential type in a uniform and, on average,
isotropic Universe. Following the classical tradition, we begin this analysis with a discussion
of the model of the standard gravitating multicomponent medium, neglecting expansion.
The importance of, and necessity in, this analysis stem first of all from its simplicity, which
makes it possible to define the main parameters that dictate the pace of the evolution of
perturbations, and from the ease with which the main results can be generalized to the model
of the expanding Universe.

Note that the basics of the theory of gravitational instability of matter were developed in J.
Jeans’ classical paper (Jeans, 1902). A description of Jeans’ approach is given in Zeldovich
and Novikov (1983). We will follow the ideology of Jeans’ pioneering paper and the descrip-
tion in the Zeldovich—Novikov monograph practically without any changes. An important
assumption used in this section, one that allows us to reproduce correctly the general proper-
ties of the cosmological plasma, is the assumption of the existence of N mutually independent
components that evolve in a self-consistent gravitational potential. We also assume, in the
spirit of the Newtonian approach to describing gravitation, that the characteristic velocities
v of processes, v < C, and that any created gravitational fields are weak: ¢ < C?, where C
is the velocity of light in vacuum.? Then the dynamics of the multicomponent medium is
described by hydrodynamic equations of the type (see Peebles (1993) and Zeldovich and
Novikov (1983))

dpi _
“L V() =0, (4.82)
vV, o _ - VP

— +(ViV)V, + — + Vg =0, (4.83)
ot pi

0 >

8—? +MiV)§ =0, (4.84)
Ap=47G) pi. (4.85)

i

where pj is the density of the ith component of the medium, Vi is its vector of velocity, P is
pressure and § is entropy. Equations (4.82)—(4.85) show that there are no external sources

2 Further on in this section we assume that ¢ = 1.
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of mass, momentum or entropy. Moreover, components with different ‘i * interact with one
another only through gravitation. Later, when applying this description to specific situations,
we usually assume that pressure is significant in only one component and negligible in the
others. Following Jeans (1902), we assume the non-perturbed state of the medium to be at

rest (Uj = 0) and that the density and pressure of each component are constant:
,oi(o) = const., S(O) = const., Pi(o) = P(,oi(m) = const. (4.86)

Note, however, that this prescription of the initial non-perturbed state of the medium demands
that V¢ vanish, which automatically contradicts the Poisson equation, Eq. (4.85). Neverthe-
less, the assumption of stationarity of the non-perturbed solution will allow us to find fairly
simply (and correctly!) the perturbation parameters that separate stable solutions from unsta-
ble ones, and to classify perturbations. The reasons why this is possible are analysed in great
detail in Zeldovich and Novikov (1975, 1983), so we need not go into that here. We therefore
assume

o =0, (4.87)

As we mentioned before, this assumption leads to correct values of the parameters that deter-
mine the stability or instability. However, the law describing the evolution of perturbations
with time will have to be improved. The exact relativistic theory will be treated in Section 4.6.

Let us begin our analysis of the stability of small perturbations of uniform distribution
assuming that condition (4.87) holds. Following the standard method of investigating the
stability of a multicomponent scheme, we write the density, velocity, pressure, entropy and
gravitational potential in the following form:

{X} = {X}o + 8X(1)e™*, (4.88)

where {)2}0 is the ground state and § X(t)eik;‘ is the perturbed state, and we take into account
that pressure perturbations are related to density and entropy perturbations in each component:

0P 0P
P =——) dpi — ] 6S. 4.89
() 2+ (5 ) 23 (489

Introducing the notation C% = (0P;/9pi)sand Cf) = (dP,/39),, for the adiabatic and isother-
mal speed of sound, respectively, we obtain a set of linear equations, Eqs (4.82)—(4.89), for
perturbations of thermodynamic quantities, velocities and gravitational potential:

dé  .--

<t ikl = 0, (4.90a)

dti . =, P ONGR))

& + ik + ikCss + 1kaoi (pi ) =0, (4.90b)

d .

dit' —o, (4.90¢)

K’g = —4nG Z 0idi. (4.90d)
i

where § = 6p;/ ,oi(o) is the relative density perturbation in the ith component, o are pertur-
bations of entropy, ¢ are perturbations of potential, and C, and Cg are constants within the
linear approximation.
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The study of various types of behaviour of perturbations will be conducted in accordance
with the classifications of their types that we gave in the preceding sections of this chapter.

4.5.1 Adiabatic perturbations

For this type of perturbation we need to recall that o; = 0 and Ui = ui(R/ ||2|)
(Zeldovich and Novikov, 1983). As the coefficients in Eq. (4.90d) are time-independent,
we make use of the representation 8;, Uj and ¢ as a Fourier integral in the variable t:

8i 8i0 '
U | « / Ui, eiet do,
¢ 7

whence

—ia)(Si’w + ikui,w =0,

-

k - _
—iwg Ui, +iKgio + ikC&;)8i.0 =0, (4.91)
K’@, = —4nG Z ,oi(o)(Si,w.

i

A non-trivial solution for the perturbations in Eqs (4.91) is only possible if the determinant
of the system vanishes, resulting in the following dispersion equation:

©)
1% _
I

For a single-component medium this equation has a standard form,
w* — K*C? = —4nGpy, (4.93)

and its solutions depend on the relation between the terms k> C§ and 4 Gpy. Assuming w = 0
in Eqs (4.91), we obtain an expression for the critical scale kj = Cg’ L4 Gp©@)!/2 and the
corresponding wavelength A; = 2 /k; = Cs (n / Gp(0>)1/ > known as the Jeans wave vector
and the Jeans wavelength, respectively. As we see from the definition of kj, for k > k; the
term with ? is positive and the expression for frequency w takes the following form:

K2 172
w = +kCq (1 — —J> ) (4.94)

We immediately see that this branch of the dispersion equation is stable and describes acoustic
oscillations of the medium. If k < K; the solution for w has only an imaginary part:

@ 1/2
w = +idr Gp (1 — F) . (4.95)
J
Note that the mode with w = —id7r Gp©O[1 — (K2/ ka)] corresponds to the growing (unstable)
branch for which an increase in amplitude is exponential, ~ el“It.
We turn now to analysing particular cases of Eq. (4.95). In a medium with index 2, we use,
by analogy to a realistic model, the term ‘dark matter’; medium 1 will simulate a mixture of
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radiation and baryons. Let us consider the dispersion equation, Eq. (4.92). It is not difficult
to show that this equation has a solution

, A£JD

1

_ , 4.96
2 2 (4.96)

2
where
AK) [K*(CT + C3) — 47 Gpir] /2,
D(k) = [K*(C? — C2) + 47Gpi]” = 167 GK? 2 (C? + C2), (4.97)
Prot = pP1 + p2.

The set of equations (4.97) shows that | A’2| < D for p; # 0 and D(K) > O for any value of
the modules of the vector K. This means that for w(K) there exist an increasing (w. ) branch
and a decaying (w_) branch and two isolated branches w; and w;:

DK — AK) DK — AK)

(PO (DT
1/2

_i<7vD<k>+A(")> , 4.98)

2

When simulating the realistic situation that arose in the cosmological plasma long before
the recombination epoch, we assume the component i = 2 to be cold, C, = 0. Therefore
we consider a special case of C, = 0, k>C] = 47 Gp;, which corresponds in the single-
component approximation to the condition k = k; for this medium. Furthermore we assume
that p, < p;. We are going to be interested in the following question: what is the effect of
an insignificant-density admixture of cold (C, = 0) matter on the behaviour of perturbations
on the scale k = kg')? In the limit p; < p; we obtain from Eqs (4.97) and (4.98)

1/4
wy = —i\/47Gp, ( P2 ) . (4.99)

21

We see from Eq. (4.99) that the presence of a dark matter component results in a biased Jeans
criterion for one component, which triggers an instability of the system.

Let us consider now the behaviour of the w, branch under the approximation kK — oco. In
this approximation,

oy = —i(y/47Gp,) (4.100)

and, as previously, a mixture of ‘cold’ and hot subsystems manifests an unstable branch of
perturbations for kK — oo.

4.5.2  Isopotential perturbations

Entropy-type perturbations in the set of equations (4.90d) will not evolve with time
as the condition doj /dt = 0 would dictate. Note that Eq. (4.90da) implies that the peculiar
velocity U; automatically vanishes. The relation between density and gravitational potential
perturbations implied by Eq. (4.90dc) has the form

¢ =C;)5 + Claipy) =0. (4.101)
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Expressing §; from Eq. (4.101) and substituting the result into Eq. (4.90dd), we obtain

Cg(i)
4 GZi —=20;j

2
~ S(i)
Q= —, 4.102)
k? — 4”G2i @
CS(i)
2 47TG(7 C/%(i)oﬂ
o Cp(i) Oj ) Cg(i) :
5 = S o (4.103)
S 0,2 2 2 3
o[ —imox ]

Equations (4.102)—(4.104) imply for the single-component mode that
202
k-C 20

5= .
00 (C§k2 — 4 Gpo)

(4.104)

We remarked in the previous sections of this chapter that the isothermal mode, in which
there are no fluctuations of the gravitational potential, is a particular case of isopotential
perturbations. Assuming ¢ = 0 in Eq. (4.101) we obtain for this mode

- Cl o
=20 (4.105)
Cs(i)pO,i

and the condition @ = 0 immediately implies a relation with entropy fluctuations in each
component:

> e =0. (4.106)

This signifies that the phases of entropy perturbations in each subsystem are such that they
completely cancel out the perturbations of the total matter density and the corresponding
perturbations of the gravitational potential. Note that, according to Eq. (4.106), this compen-
sation is stable and can be caused by the initial conditions under which fluctuations emerge
(see Section 4.4).

4.6 Relativistic theory of the evolution of perturbations in the

expanding Universe

The theory of gravitational instability in the Newtonian approximation that we
discussed in Section 4.5 does not take into account two very important factors that drastically
change the general concept of the evolution of perturbations. First of all, we should discuss the
incorporation of the effect of expansion of the Universe into the general scheme of analysing
the evolution of perturbations of metric, velocity and density of the multicomponent medium.
Moreover, ultrarelativistic matter, for which the speed of sound is close to the speed of light
in a vacuum, plays a most important role in the thermal history of the Universe. Therefore,
relativistic effects must be taken into account along with that of expansion. A second important
factor is the response of gravitation (metric perturbations) to density and velocity fluctuations
in the multicomponent medium. We have already discussed this factor in Section 4.5 in the
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Newtonian approximation. Since we need a relativistic generalization of the equations of
motion to find metric perturbations, it is clear that on the whole the theory of gravitational
instability must be based on the equations of general relativity.

We have already mentioned that the problem of the evolution of perturbations in single-
component matter characterized by the equation of state P = CS _p» where Cs is the adiabatic
velocity of sound, was first formulated and solved by E. M. Lifshits (1946) practically at the
same time that work began on the creation of the theory of the ‘hot’ Universe. Note that the
title of Lifshits’ paper, ‘On gravitational stability. ..’ seemed to indicate that the primordial
plasma must be stable relative to small perturbations of density, velocity of motion and
gravitational potential. The fact that the conclusion on the gravitational instability of matter
in specific cosmological conditions follows from Lifshits’ equations was first pointed out by
Novikov (1964). For details about the history of this idea, see Peebles (1971). In fact this work
offered a new promise that it would be possible to predict a scenario of transition of cosmic
matter from a structureless state with a very low fluctuation level to a highly structured mass
distribution within regions of §p/p >> 1 identifiable with galaxies and their clusters. The
sequence of events in such a transition, and the rate at which perturbations grow, depends on
the composition of the matter. Let us consider this process in more detail using the Newtonian
gauge for metric perturbations. For simplicity we restrict the analysis to a flat space Universe,
for which the metric tensor is given by

gik = gy + hik, (4.107)

(Zeldovich and Novikov, 1975), where g(o) —a%; g(()g) 0; g;‘f; = @%Yup; Yap is the

Minkowski space metric,
hoo = —2a° W Q; Noe = 0; hep = 28 ®; Qyap.

Note that \Ilg) and dbg) are metric perturbations in the Newtonian reference frame, Q denotes
scalar eigenfunctions of the Laplace operator (see Section 4.2), the index « runs from 1 to 3
and & = [ dt/ais the conformal time.

Following Peebles and Yu (1970) we describe perturbations of the CMB using the kinetic
approach (see Section 4.1); we use hydrodynamic equations for perturbations in the baryonic
fractions of matter, hidden mass and in other possible components.

When deriving equations describing the evolution of perturbations in a multicompo-
nent medium, we use a relativistic analogue of the set of equations (4.82)—(4.85) in
which the equations of motion for hydrodynamic components follow from the conservation
condition,

T4 =0, (4.108)

and equations describing perturbations for the Einstein tensor play the role of the Poisson
equation,

R——“, (4.109)

where 'I'ik is the energy tensor of matter, Rl-k is the Ricci tensor, R = R: ,i=0,...,3and (Sik
are the Kronecker deltas. The components of the Einstein tensor’s perturbations in the chosen
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reference frame, Eq. (4.107), are given in terms of the potentials ®; and Wi (Hu, 1995):

2 7\ 2 i
8GY = = [3 (%) v — 3%% —(k* — 3E)<DR} Q.

2 [a
0 __ - /
8G) = = [Ek\yk - k@R} Q.

5 (0 ]e (oi-5

, a 1, 5 1, 5
- — gq’i— 5(k —3E)<I>E}(SQQ— ;k (Y + 2pQ5.

(4.110)
8GE

a2
2
a

The following notation was introduced in the set of equations (4.110): Q denotes the eigen-
functions of the Laplace operator in the metric, Eq. (4.107) (see also Section 4.2), and

1 1
Qu = _EQ;av Qu = k_ZQ;a;ﬂ + g)’aﬂ Q.

The following relativistic analogue of the continuity equation for each component is obtained
from Eq. (4.108):

8 = 3%/(&0]) = —(1 4+ w)KV,  +3Pp). (4.111)
The index j in Eq. (4.111) enumerates the components, and
P; S P;
0p =0 Gwj) = (a —‘Ui> JIGE (4.112)

Substituting Eqs (4.112) into Eq. (4.111) and introducing the notation I'j = ((6 P} /dpj —
C2;)8 &> We obtain from Eq. (4.111)
4 [ diw
dg |1+ o

/ a/
i| :—(ij(R)+3<I>(R))—3EwJFj. (4.113)
As we see from the definition, I'j characterizes the isopotential mode of perturbations for
which I'; # 0. In the adiabatic mode, §Pj/dp; = Cé(j) and I'j = 0.
We turn now to analysing perturbations of hydrodynamic velocity for each component of
matter. To do this, we take into account Eq. (4.108) and define a perturbation for the vector

§(TH —uwu'Th) =0, (4.114)

where :lrik is the energy—momentum tensor of each component and U; is the four-dimensional
velocity. Applying standard techniques of perturbations theory in linear approximation we
find (Hu, 1995)

/ a/ j
Vi + g (1 —3evi@ + I+ 10
_OP/oo) 2 o

E
T lte 03140 I= e ) K + k¥, (4.115)
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where IT; g, is the anisotropic part of the energy-momentum tensor perturbations,

SP;
(STaﬂ = PJ <?185Q + H](E)Qg) s (4116)
and all other notation remains the same.
In a multicomponent medium, the relation between metric perturbations and per-
turbations of the energy—momentum tensor is realized through the perturbed Einstein

equations
(4.117)

where the tensor components 8Tik are obtained by summing over all types of matter using
the generalized density, pressure and momentum of matter:

ooy = Y 01 (E)S iy
i
8 Powicy = Z 8P i)
i
(Prot + Pty = D _L0i(€) + P&y y: 4.118)
Ptolnwt(ﬁ) = Z PI(E)Hi(R);

PoCion = D_ P E)CHE),

where the variables {X;(§)} stand for non-perturbed quantities. The set of equations (4.110),
(4.111), (4.115) and (4.118) thus exhausts the mathematical aspect of the relativistic formu-
lation of the problem of perturbations evolution in the expanding Universe in its most general
form.

The general formulation of the problem implies not only an analysis of complex systems
that involve several species of matter, including that of collisionless particles (for example
neutrinos), but also yields a number of important conclusions on the dynamics of the evolution
of perturbations in simple systems. Thus the optical depth of the plasma relative to the
Thomson scattering was very high (z > 10?) long before the hydrogen recombination epoch,
that is at the radiation-dominated phase of the evolution of matter.

Ignoring the role of collisionless neutrinos and the massive gravitational component
implied by the non-relativistic dark mass, we can treat radiation and baryons as an ideal
liquid characterized by its adiabatic speed of sound, Cg = % We assume for simplicity that
in this kind of medium there are no isopotential modes and that perturbations in the radiation
and baryons mixture are adiabatic. If p, > py, the presence of ‘strong binding’ between
electrons, protons and radiation results in the suppression of the anisotropic part of the
energy—momentum tensor of this compound liquid and automatically generates a relation
between the potentials, ¥ = —&, in the Newtonian reference frame. Then we immediately
obtain from the component 8] of Eq. (4.117) that

16
= 7 Gapr A, (4.119)
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where Aq i) = %((SR + 4%14;) and the relation between At and vy is given by the following
equations (see Eqs (4.111), (4.115) and (4.117)):
/ a/
Anb_gANBZ_mk
(4.120)

!

, a 16
v + = (Cék — ?nGpTaz) Aty

Non-perturbed Einstein equations yield the following relation for the early phases of expan-
sion of the Universe where matter obeys the equation of state P = ¢/3 (C3 = %):

7\ 2
a 8
— ) = —nGpa?, a’=0. 4.121
(a> 376 (4.121)
Then Eqgs (4.119-(4.121) yield a simple equation for A+,
Y K2 2
AT® + 3" 5—2 At =0, (4.122)

whose solution is given in the form

K K k 1/2
g T [ S

where J,(X) and Y, (X) are Bessel functions of the first and second kind, respectively, and C,
and C, are integration constants.

Let us consider asymptotes of this solution in the long- and short-wavelength limits. In the
low-wavelength approximation, k& /+/3 < 1, the growing mode of perturbations is given by
the expression

K 32 7 1e \ 12 KE \ 2
e (25 (5) ()

For short-wavelength waves, k& /+/3 >> 1, the corresponding asymptotes of the Bessel func-
tions yield the following result:

Aty x Cj cos % + C, sin % (4.125)
We need to stress that the oscillating solution of the form in Eq. (4.125) was investigated in a
number of papers (see, for example, Bisnovatiy-Kogan, Lukash and Novikov (1983)) and that
it undoubtedly played a major cosmological role for the physics of the cosmic microwave
background. In the next chapter we deal in more detail with improving the solution that
was used to describe the medium composed of the cosmological hydrogen—helium plasma
and radiation at a time very close to the moment of recombination. In what follows here
we consider an absolutely different approximation, when the speed of sound in the system
vanishes, Cs = 0; that is, perturbations of density, velocity and gravitational potential evolve
in a ‘dusty’ medium. This approximation arises inevitably in the ‘baryonic’ model, which
is the basis for creating more complicated cosmological models, including various types
of primordial massive and massless particles. After hydrogen recombination, perturbations
evolve independently in baryons and in radiation, and since py, > p, (for Qyh? > 0.1), the
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main dynamic component is the non-relativistic gas of baryons. Indeed, Eqs (4.111), (4.115)
and (4.117) imply that the evolution of perturbations in dust is described by equations of the

type

a/
T = —KVi Vi + 3 Vi =k K*dp =47 GpyAra’,  (4.126)
whence an equation for A/T(R) =38b+3(a'/a)V;:
a )
" I o —
fo+ 5 A —4mCma’ Argy = 0. (4.127)

In view of the <0

0) component of non-perturbed Einstein equations,

a2
3 <5) = 87 Gppa>, (4.128)

and a o £2, we obtain for the growing and decay modes of density perturbations in
baryons

a/
AL = KV Vi+ S Ve =ke, (4.129)

/ -
Tk
where C," and CJ" are integration constants. Therefore, the rate of growth in perturbations
in the baryonic (dusty) matter after the hydrogen recombination epoch differs in principle
from the Newtonian exponential mode discussed in Section 4.5. Nevertheless, the power-law
growth of the amplitude of density fluctuations is found to be of principal importance for
understanding the possible mechanism leading to formation of structures in the expanding
Universe (Novikov, 1964).

We need to emphasize that from the standpoint of modern cosmology based on the concept
of baryonic hidden mass, the formulation of the problem of gravitational instability in the
baryonic medium appears to be somewhat academic. We know that density perturbations in
dark matter evolve independently of whether hydrogen recombination has occurred or not.
At the same time, we are aiming at a very specific goal in reviving the classical baryonic
model.

An analysis of this model will allow us to describe in the simplest possible manner the
creation of systematic oscillations in the spectrum of density perturbations emerging after
hydrogen recombination. The mechanism of generation of these oscillations was discov-
ered by A. D. Sakharov (1965). For a description, see Zeldovich and Novikov (1983), in
which they were given the name ‘Sakharov oscillations’. Sakharov’s discovery proved to be
of immense importance for cosmology. This phenomenon determines the nature of modu-
lations of the angular spectrum of anisotropy and the polarization of primordial radiation
background that we are to describe in the subsequent sections. These modulations are also
known as the ‘Sakharov modulations’ (Jgrgensen €t al., 1995; Naselsky and Novikov, 1993).
They are related to the existence of acoustic modes in small perturbations of the cosmo-
logical medium prior to the recombination epoch. Obviously, acoustic modes of perturba-
tions exist not only in the baryonic model, but also in all currently considered cosmological
models.
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4.7 Sakharov modulations of the spectrum of density perturbations

in the baryonic Universe

“We can choose a hypothesis that the matter at the early stages of the expansion of the
Universe was very nearly uniform and that the “primordial” astronomical objects appeared
as a result of gravitational instability. Even though this point of view meets with objections
from a number of astronomers and astrophysicists, an investigation of this aspect appears to
be necessary. For investigation of this hypothesis, it is very important to study the laws
governing the growth of small density inhomogeneities and to find statistical characteristics
of the initial inhomogeneities.’

We began this section with a quotation from the introduction to A. D. Sakharov’s paper
‘The initial stage in the expansion of the Universe and generation of inhomogeneities in the
distribution of matter’ (Sakharov, 1965). Incidentally, this publication is known to experts in
quantum gravitation because Andrei Dmitrievich attempted there to justify a relation between
classical pregalactic perturbations of matter and quantum noise; he used the framework of
the ‘cold’ model of the Universe, widely discussed at the time, and low initial temperatures
of the plasma and low specific entropy of radiation. Dmitrievich recalled his impressions of
this paper: ‘Using the “cold” model substantially undervalued my first work in cosmology.
The results relevant to the theory of gravitational instability are not devoid of certain interest,
among them (and especially) quantum instability, as well as the hypothesis of the equation
of state at superhigh densities. I treated the quantum case of instability using the exact self-
similar solution for the wave function of a harmonic oscillator with variable parameters: a
point of great difficulty there was to take into account the effects of pressure, but I was able
to overcome them (I refer the reader to this paper for details of how I achieved this; I still
remember on what day I was able to find the solution — on 22 April 1964).” (see Sakharov
(1999).)

Three important moments in Sakharov’s paper and comments to it should be highlighted.

(1) Sakharov considered for the first time the evolution of perturbations in a medium with
a complicated equation of state, ¢ = A(n) - n*?3, that also includes possible zones of
negative pressure.

(2) For this medium he developed a method of analysing perturbations both for the classical
and the quantum approaches.

(3) He was the first to demonstrate that as the equation of state is changed from a more ‘rigid’
to a ‘dust’-type one (P « ¢), the perturbation amplitudes at the final phase ‘inherit’ the
modulations due to the effect of a pressure gradient at the preceding ‘rigid’ phase (see
formula (38a) of Sakharov (1965)).’

We need to point out that Sakharov (1965) has one important specific feature: it uses
calculation techniques that sharply differ from the conventional ones. Moreover, the transition
of the plasma from the ionized to the neutral state in the course of hydrogen recombination
is, for formal reasons, included in the model of the equation of state; however, nowhere
does Sakharov speak specifically about this type of ‘phase transition’. It appears that the first
to give a clear and detailed interpretation of the Sakharov effect of perturbation amplitude

3 In today’s notation the function used by Sakharov (1965), namely F(N) = AN/N, where AN is the mean
square deviation of the number of particles N in the selected volume V, is simply the density contrast
8p/p = vAN/mN, where mis the particle mass.
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modulations in the course of hydrogen recombination were Ya. B. Zeldovich and I. D. Novikov
(1983), which was well known in Russia following the publication of the first Russian edition
in 1975. Later, in 1981, Peebles conducted a detailed investigation of the transition effects in
the baryon—photon gas in the hydrogen recombination epoch and was able to show how the
Sakharov oscillations can manifest themselves in the correlation function of galaxies (Peebles,
1981). Later on we follow the general ideology of describing the Sakharov oscillations in
the spectrum of adiabatic perturbations in the ‘baryonic’ Universe as suggested in Zeldovich
and Novikov (1983) (for an historical aspect, see Novikov (2001)).

First of all, we take into account that the oscillating mode of density and velocity fluctu-
ations in the photon—baryon ‘liquid’ is typical of high-frequency perturbation modes whose
size is much smaller than the cosmological horizon ~ct in the pre-hydrogen recombination
epoch. Obviously, the effects of gravitational interaction between particles are not significant
in this case, and perturbations evolve in the acoustic-wave regime:*

k k
" =~ Cjcos K + C,sin _S (4.130)

b(K) J3 J3

The continuity equation for the mixture of baryons and photons immediately implies that the
velocity field is related to density perturbations by a simple expression, as follows:

Vit = +ik—‘5|;®, (4.131)
and is also oscillating in time:
i k& . kg
(€)= — [C cos — — C; sin —:| . (4.132)
k NG 2 NG 1 NG

Hydrogen undergoes recombination at the moment & = &, after which perturbations in
baryons and radiation evolve independently. We need to qualify this statement by saying that
perturbations in the dust component begin to grow after the moment of recombination. The
rate of growth, being a function of conformal time £, is a function of the ratio of baryon and
radiation densities. In deriving Eq. (4.132) we assume that p,, > pn and the speed of sound in
the mixture is practically identical to C3 = 1/3. If this ratio of speeds is maintained until the
moment £ = &.., then immediately after recombination the rate of growth of perturbations
among baryons will be somewhat lower than given by Eq. (4.129), owing to the effect of
radiation density. In the following we are interested in the qualitative side of the effect and
therefore neglect the influence of radiation on the behaviour of §y(¢ > &), referring the
reader to Peebles (1981), where these effects are described in detail. We thus simulate the
behaviour of perturbations in the baryonic fractions of matter immediately after the moment
of recombination using a solution of the type in Eq. (4.129). The corresponding expression
for the velocity field is given in the continuity equation (4.131), whence we obtain
i 3CS

w(&) = c [201*5 — é—j} . (4.133)
Equation (4.129) continues to hold for ;" (¢). The ‘+’ index signifies that the corresponding
quantities refer to the moment £ > &... Our task is to find the coefficient C1+ that characterizes

4 Note that owing to viscosity the primary acoustic waves damp out over short scales. This is the so-called Silk
damping (Silk, 1968). This effect is of no major significance for the present discussion.
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the amplitude of the growing mode of perturbations 8;’ as a function of the coefficients C;
and C, assigned to the acoustic phase of perturbation evolution. The principal idea of the
‘matching’ of solutions lies in that the field of velocities does not suffer ‘jumps’ in the
baryonic fraction at the moment £ = &, of hydrogen recombination. This means that

. + .
i [20;;,;“, _ %} - % [cz cos kf@ — C,sin kjg} . (4.134)

rec
Likewise, for the field of density perturbations at the moment & = &.. we have

kg . k& _
(01 cos f3 + Cy sin ﬁ) Clres. +Crel. (4.135)

For perturbations with K&/ V3> 1 we find from Eqgs (4.134) and (4.135)

k rec k rec . k rec 2
f” ~ Sf/g <02 cos f/g — Cysin jg) <i> , (4.136)

and therefore, the growing perturbations mode at £ > & has the form

kérec ( kérec . ksrec ) ( é )2
& C —-C = . 4.137
&)~ 573 2 COS /3 18in N e ( )

Two very important conclusions follow from Eq. (4.137). First, the amplitude of perturbations
increases with decreasing wavelength (or, similarly, with increasing k) as K&/ /3> 1.This
‘jumping’ effect was first predicted by Sakharov (1965). Secondly, oscillations due to the
acoustic modulation of perturbations amplitude at the transition moment at § = &, are
formed both in the amplitude C* and in the spectrum of perturbations:

kg2, ( &\ 5
&) 12\ rec 7 KSrec
EvANES 75 (Srec> {“Cz(k)' ) cos V3
érec . ZkSrec
2 7 —{IC % Caio]) sin NG }

+ (|C1(k)| ) sin

(4.138)

In fact, this effect was also predicted by (1965). We need to emphasize that in the most
general case the modulational part in the spectrum (4.139) contains harmonic functions with
the phase doubled, ¢ = 2K&rec/v/3,

1 BN k& CM | 2Kk

V(k) = A(k)+ AK) cos 73 + AK) sin 7

(4.139)

where

AN = [(Cf(m) (Cg(k)):l; BY =~ |:<C§(k)> (Clz(k)>]; ch = (Clz(k)cj(k)>

As we mentioned above, a detailed analysis of the evolution of adiabatic perturbations in the
epoch of recombination of cosmological hydrogen was given in Peebles (1981), in which
Peebles approximated the results of numerical calculations using the modulation function

Mp(K) = cos?(® + WK + vk?), (4.140)
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where ®, W and v are numerical constants that are functions of the parameter ©,h?. Thus
Peebles (1981) gives the following values for these constants in a model with ,h? = 0.03:
® =5.75rad, W = 182.9 Mpc~! and v = —18.3 Mpc 2. In order to make use of the results
of this paper, we specify the relation between the modulation functions M(K) and My(k).
We denote &,/ V3in Eq. (4.139) by I, which is the acoustic horizon of the recombination
epoch recalculated to the current moment Z = 0. A comparison of Eqs (4.139) and (4.140)
shows that r . = W. Now we drop the quadratic term in the modulus of the wave vector k
in the phase (4.140), which results in a corresponding constraint on non-uniformity scales:

W2
1 < Kree < ’— ~ 1.8 x 10°.
v

Now a comparison of Eqgs (4.139) and (4.140) yields the following normalization of these
functions:

B(k)
gk) = —— =cos2®d =0.98 > 1,
AK)
Ck) . 4.141)

Our question now is: how would the Sakharov oscillations manifest themselves, and,
most importantly, for what characteristics of baryonic matter distribution? At first glance, the
formulation of the question looks strange. We have already emphasized an academic nature of
this baryonic model which ignores the cosmological hidden mass, and therefore cannot even
pretend to provide predictions that could be seriously considered for comparing with modern
observational data. However, the specificity of manifestations of the Sakharov modulations
could offer an additional argument to support the putative existence of the cosmological
hidden mass, and even suggest that it is indeed of non-baryonic nature. Therefore, choosing
reductio ad absurdum we assume that there is no non-baryonic hidden mass in the Universe.
Then, as we saw a little earlier, the spectrum of density perturbations in matter immediately
after recombination must contain Sakharov modulations of the type in Eq. (4.140). The
temporal evolution of perturbations at the £ >> & phase is readily identifiable: 8,(£) o< £2
for the growing mode of perturbations in the flat-space model Universe. Following Peebles
(1981) we introduce a two-point correlation function

£, E) = (p( +3)pB)/(p)* — 1 (4.142)

for density perturbations and rewrite its spatial part in the form

E(r) = / I<2<|8§|>Siﬁrkr dk, r=F. (4.143)

where (|8x|?) is the spatial power spectrum of fluctuations. Equations (4.139) and (4.140)
imply that the spectrum (|8¢|?) can be written in the form of a product of a monotonic and
an oscillating factor,

(I18c1?) =~ CK)[1 + g(K) cos 2Krrec + f (K) sin 2Kryl, (4.144)

where C(K) corresponds to the non-modulated part of the spectrum. Substituting Eq. (4.144)
into Eq. (4.143) we obtain

§(r) =&o(r) +&1(r) + &(), (4.145)
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where
sin kr

dk,

Er) = / e

E(r) = / CK) - g(k) S“Iz c0s 2Kr ee dk,

() = / K2C(K) - f(k)sulzrkr sin 2Kr o, dk.

We make use of the fact that g(k) >~ 1; then, after elementary trigonometric manipulations,
we rewrite £;(r') in terms of the function &y(r):

2rrec +r

12 rec
S(r) = 5 |:r4$0(2rrec —r) - SO(Q'rrec + r)j| (4146)

We see from this formula that the behaviour of the function & (r) at r — 2r . reveals a
number of specific features. First, as r — 2r.., we can drop the second term on the right-
hand side of the Eq. (4.146) because £y(4rc) — O at I > I, where I is the correlation
radius for the function &y(r):

r2=— 50 (4.147)

£§7(0)
The correlation function &y(r ) can be expanded in the vicinity of I — 2r . into a Taylor series
in the small parameter I — 2r ... < |r.|. We now introduce a function y = (I — 2r¢)/rc. The
behaviour &£)(r — 2r) in the vicinity ¥ < 1 in terms of Y is then given by the following

expression:

_lre y? y*
él(Y)—gEU ~y<1—7+ﬁz , (4.148)
where 0% = £(0), B = £(0)&;¥(0)/1€/70(0)1%, &) is the fourth derivative of &(y) with respect

to Y, taken at a point y = 0. We turn now to analysing the behaviour of the function &(r) in
the vicinity of the point I = 2r .,

I’2 k4r4
";:2(r - 2rrec) — [ —= 2 —=

5 y‘ﬂ dk. (4.149)

An important feature of the function &,(r) is that its behaviour cannot be expressed in terms
of the moments &, £; and 5(())- Thus the value &,(y = 0) is expressed via the integral of the
regular part of the spectrum,

So(y =0)= f kC(k) dk, (4.150)

2rrec
that differs from &,(0) by a factor k=! in the integrand:

Eo(k) ~ / C(K) dk. @.151)

We define now the mean value of the wave vector k", weighed over the spectrum C(k) for
positive and negative values of n, as

K2k C(K) dk

= JkCK) dk

(4.152)
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We assume that the monotonic part of the spectrum has the form
G(k) = AK" Ty, (k), (4.153)

where k™ corresponds to the primary perturbation spectrum (for example P(k) Ak, the
Harrison—Zeldovich spectrum) and T, (K) is the transfer function taking into account, in addi-
tion to the modulation part, the difference in behaviour of perturbations in the k& >> 1 and
k& <« 1 modes. For a qualitative description of the effect, we simulate Ty,(K) by an exponential
function of the form

To(k) = e 77, (4.154)

where 1, is the characteristic scale of the high-frequency cut-off of the spectrum. Then
Eq. (4.152) yields a simple estimate for (k") in a class of spectra of type (4.153):

(kn> ~ rfnr‘ (MTITHI + 1)

T T

(4.155)

where I'(X) is the gamma function. In terms of (k"), the expressions for the correlation scale
r2, the parameters 8 and & (y — 0) are as follows:
3 0 g (k%
2 2\—1
re=5)"5 B=- ;
¢ 2< ) p 20 (k2)2
1 r2(k) ré (K3
k—l 2 ] — ——-¢ 2 _C A .
ke [ 2k Y e

(4.156)

&(Y) =

2rrec

Since &)(r = 2r..) is negligibly small, the behaviour of the function £(r) as r — 2r is
determined by a superposition of the functions &;(r) and & (r). In the most general form,
Eqgs (4.148) and (4.156) yield that £(r) ~ &;(y) + &»(Y) is a fourth-order curve in parameter
y. In the most general case, the equation for determining the extrema of the function £(y) for
the corresponding Y, will be of third order. Therefore, the structure of £(Y) in the vicinity of
these points will either have two minima and one maximum between them, or two maxima
and a minimum in the case of three real roots. Peebles’ calculations show that the former
of these versions is implemented (Peebles, 1981). Therefore, the Sakharov modulations of
the spectrum are best pronounced on spatial scales I >~ 2r.. and not on small r, where
high-frequency modulations of the spectrum are averaged out and greatly smoothed. The
characteristic scale of peculiarities for the ‘baryonic’ model of the Universe is found to
be extremely large. When ©,h? ~ 0.03 it is very close to 360 Mpc, which is far beyond
the technical possibilities of the current surveys of galaxies and clusters. At the same time,
detecting such an anomaly in the correlation function would be a powerful argument in favour
of the baryonic model of the Universe with primordial adiabatic perturbations.

Note another important specific feature of manifestation of the Sakharov modulations in
the correlation function of density perturbations, connected with isopotential models of per-
turbations. Such baryonic models were treated carefully in Kotok, Naselsky and Novikov
(1995), and the conclusions obtained can be regarded as complementary to the so-called PIB
model of the baryonic Universe (Peebles, 1983). The main difference between isopotential
(isocurvature) perturbations and adiabatic ones is that as the contribution of the baryonic
component to the rate of expansion of the Universe increases (o, /pp, — 1), the initial pertur-
bations of entropic type generate secondary perturbations of adiabatic type. This aspect was
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investigated in detail in Chernin (2001). The emergence of a mixture of modes in an epoch
close to the moment of hydrogen recombination affects the form of the transfer function Ty, (k)
that has the following form (Shandarin, Doroshkevich and Zeldovich, 1983):

KR Kia\ . o]

where R = r,. and r, is the characteristic scale of damping of secondary adiabatic pertur-
bations that results from friction of matter against the isotropic radiation background.

Along with modulations with phase ® = 2KR, the specificity of the transfer function is
the emergence of the spectrum modulations ® = kR. These modulations reflect directly the
specifics of generation of the adiabatic mode from the primordial entropic one. This means,
however, that in contrast to the ‘pure’ adiabatic mode the peculiarities in the correlation
function, £(r), should arise both ast — 2R and as r — R, which is even more remarkable
(Jgrgensen et al., 1993). The behaviour of £(r) in the vicinity of the pointr — R was studied
in detail in Kotok et al. (1995). It is worthy of note that the manifestation of the Sakharov
oscillations in the correlation function of density perturbations of matter for the initial entropy
fluctuations and in the related correlation function of galaxies produced a much stronger effect
than it does for the adiabatic mode. The corresponding amplitude of anomalies reaches ~10%
for the normalization £y(r = 0) = 1. The reason for such a considerable modulation amplitude
£(r) is crystal clear. In contrast to the adiabatic mode for which the characteristic scale of
anomaly £(r) is very nearly twice the scale of the acoustic horizon ', at the recombination
moment, in the entropic mode the modulations £(r) arise very close to I = I'c. Since the
scaler = ry is closer to the correlation scale r, it is clear that the correlation level, including
the effect of the Sakharov modulations, is found to be higher for the entropic mode than for
the adiabatic one (Jorgensen €t al., 1993).

4.8 Sakharov oscillations: observation of correlations

We have seen that the presence of the Sakharov modulations in the spectrum results
in anomalously high correlations in a ‘baryonic’ Universe in the distribution of density per-
turbations on the scales I = ry. and I = 2r. for the entropic and adiabatic fluctuations,
respectively. However, at some level they may be observed even in the CDM cosmological
models, including the dark energy (see Eisenstein et al. (2005) for references). The recom-
bination horizon r .. depends on the parameter ©2,h? and varies between 100 and 200 Mpc
as recalculated to the moment z = 0. It is natural to assume that there must be a linear rela-
tion between the correlation function of density perturbations and the observed correlation
function of galactic distribution density at least on very large spatial scales.

The reader will recall that we are now trying to find in modern observations an answer to a
fundamental question: is it possible to detect Sakharov modulations in the galaxy distribution
and thereby gain another independent argument in favour of the existence of the cosmological
(non-baryonic) hidden mass and the dark energy? The key role in the implementation of this
approach is played by choosing the objects which, in our opinion, delineate the distribution
of correlations in the field of matter density fluctuations. Galaxies are most often chosen.
Let us turn to the analysis of the observational data for galaxy distribution catalogues that
fix the position of these objects in the sky and their stellar magnitudes. Recently, Eisenstein
et al. (2005) presented the large-scale correlation function measured from a spectroscopic
sample of about 47 000 luminous red galaxies from the Sloan Digital Sky Survey (SDSS). This
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Figure 4.1 The large-scale redshift—space correlation function s?£(s) of the SDSS LRG
sample. The lines from top to the bottom correspond to Q,h? = 0.12, ,,h? = 0.13 and
Qmh? = 0.14. The pure CDM model (A = 0) is shown as the lowest line. Adapted from
Eisenstein et al. (2005).

survey covers 0.72h—3Gpc? over 3816 square degrees and corresponds to redshifts of galaxies
0.16 < z < 0.47. The result of the analysis is presented using the Landy—Szalay estimator
(Landy and Szalay, 1993) for the redshift—space correlation function £(S). In Fig. 4.1 we
plot the correlation function &(S) from Eisenstein et al. (2005) and corresponding theoretical
curves for different ACDM cosmological models and adiabatic initial perturbations.

As we see from Fig. 4.1, the peculiarity £(S) related to the Sakharov modulations of the
spectrum of adiabatic perturbations falls within the error zone of determining £(S), so that itis
extremely difficult to make any conclusions about the presence or absence of this effect. We
can only state in the most general case that the theoretical behaviour of £ does not contradict
the data of the SDSS survey. However, it is practically very difficult to exclude or confirm
the presence of the Sakharov oscillations in the spectrum of perturbations.

There is hope, however, that progress in the observational tools of astronomers will allow
us within several years to move significantly closer to reliable measurements of correlations
on spatial scales of r ~ 100-200 Mpc and thereby confirm or reject in an independent way the
hypothesis of the baryonic nature of hidden mass; the Sakharov modulations of the spectrum
of primordial density perturbations are a part of this hypothesis.
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Primary anisotropy of the cosmic
microwave background

51 Introduction

The subject of this chapter is an analysis of one of the most impressive predictions
of the modern theory of the structure and evolution of the Universe: the prediction of angular
anisotropy in the temperature distribution of the cosmic microwave background on the celes-
tial sphere; we will also analyse observations of this phenomenon. This anisotropy results
from the interaction of the primordial radiation background with perturbations of density and
velocity of the baryonic matter and with perturbations of the metric; these make an insep-
arable part of any scenario of structure formation in the expanding Universe. We also use
this introductory section to share our personal recollections of the period when the theory of
anisotropy of the CMB was being created and the first attempts were being made to detect
it by observations. These notes are quite subjective and do not attempt to provide historical
analysis. We hope nevertheless that the reader will find them interesting. We wish to point
out first of all that while the microwave background itself was discovered by accident, its
anisotropy was discovered as a result of well-planned observational searches based on a
carefully developed theory.

One of the present authors (I. Novikov) was there at the moment of inception of this
field of astrophysics — nowadays a fully-fledged field — and remembers well the history of
conception of the theory and the drama of the experimental attempts to detect the anisotropy
of primordial radiation at the end of the 1960s and the beginning of the 1970s. We should
recall that the cosmology of this period was securely based on the ‘baryonic’ model of the hot
universe (the CMB had already been discovered by Penzias and Wilson) and that the pioneer
paper of Sachs and Wolfe had already been published (Sachs and Wolfe, 1967). Furthermore,
the theory of cosmological recombination of hydrogen had already been created (Peebles,
1968; Zeldovich, Kurt, Sunyaev, 1969) and the role of this process in the thermal history of
cosmic plasma and in the kinetics of electromagnetic radiation was already clear. To make
the picture complete, we also mention the pioneering work on the gravitational instability
of matter (Lifshits, 1946; Lifshits and Khalatnikov, 1960; Novikov, 1964) which was further
extended to the ‘pancake’ theory of structure formation in the universe (Zeldovich, 1970).

In fact, the theoretical basis ‘around’ the prediction of the anticipated anisotropy of the
microwave background radiation was quite ready, and hot Universe theory was ‘pregnant’
with this anticipation. The ‘birth of the baby’ did not disappoint. In 1968, Silk published a
paper on the evolution of perturbations in the hydrogen recombination epoch and predicted
the effect of remnant fluctuations AT /T due to the adiabatic compression of matter (Silk,
1968). Just two years later, Peebles and Yu (1970) and Sunyaev and Zeldovich (1970a,b)
published their papers in which they predicted the characteristics of remnant fluctuations
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AT/T generated by macroscopic movements of matter that take place during the period of
hydrogen recombination. It immediately became clear that the variance of AT /T must be
extremely small (~107>-~1073), even though it looks enormous from our standpoint today.
However, any attempt to measure the anisotropy of the CMB at this low level seemed at best
a fantasy. To pay history its due, it must be said that precisely at this period (in the 1970s),
unique conditions arose in the Soviet Union (as it was then known) both for theoretical (Ya. B.
Zeldovich’s group) and experimental (Yu. N. Pariisky’s group, RATAN-600) research on the
anisotropy of the CMB. It seemed that everything was ready for a successful experiment.
The theory has provided excellent predictions, the 600 m radio telescope (still the largest in
the world) began operation and the first observations were accumulated, but there was still
no signal that would indicate anisotropy of primordial radiation background. It was absent in
intensity recordings of the radio sky fluctuations on the RATAN-600, and was just as absent
from recordings on the most powerful radio telescopes abroad.

This situation was reminiscent of a game of hide-and-seek. Theoreticians tried to explain
why the anisotropy of the CMB was unobservable at the level achieved in observations (it was
at that moment that the possibility of reheating and reionization of hydrogen at large redshifts
z > 10 was first seriously discussed) while experimenters continued to reduce methodically
the observational threshold of signal fluctuation detection down to 103 and, by the beginning
of the 1980s, down to 10~ (Berlin ef al., 1983).

We believe that a qualitative step in the minds of both theoreticians and experimenters
occurred at the beginning of the 1980s when Yu. N. Lyubimov’s group at the Institute of
Theoretical and Experimental Physics in Moscow reported a putative discovery of a non-zero
(at the level of 30 eV!) mass of the electron neutrino (Lyubimov ez al., 1980). The bomb went
off! A hidden mass — possibly in the form of neutrinos and later in the form of other hypothet-
ical particles — announced its existence. Discussions of the cosmological consequences of
this phenomenon and the term ‘neutrino’ could be heard not only at the famous Colloquium
of Vitaly L. Ginzburg (at the P. N. Lebedev Institute of Physics) and the Joint Astrophysics
Colloquium at the Shternberg Astronomical Institute, but also on buses or metro trains. Each
generation of scientists retains their own reminiscences of the fascination of this era.

While Igor Novikov was living through this period as a mature scientist (see Bisnovatiy-
Kogan and Novikov (1980) and the earlier works by Doroshkevich, Lukash and Novikov
(1974), Doroshkevish, Novikov and Polnarev (1977) and Novirov (1968)), another author
of this book, Pavel Naselsky, had just submitted and defended his Ph.D. thesis, and the
third author, Dmitri Novikov, was still in the sixth form of high school and could hardly
think that fate would bring him into astrophysics or, even more specifically, the physics of
primordial radiation. It is natural therefore that our impressions of the beginning of the 1980s,
which heralded the arrival of massive neutrinos, are quite different. One of us (Naselsky)
remembers as a curiosity that immediately after Yu. Lubimov’s experiment he had, together
with N. Zabotin, calculated the anticipated anisotropy of the primordial radiation in a model
with massive neutrinos, and was very surprised to find it to be on the same (~10~*) level as in
a number of baryonic models (Zabotin and Naselsky, 1982b). It was therefore too large and
in contradiction with the experimental data. These results were then discussed — in a sauna —
among the then young V. Lukash, D. Kompaneets, P. Naselsky and (also still young) A. Melott
who was then visiting Moscow; Melott realised that the sauna was not the best place for jotting
notes on paper, so he ordered for the occasion a t-shirt printed with a number of formulas. In
a spectacular way, the early and mid 1980s everywhere smelled of an inevitable discovery. It
was clear that theoretical models had reached saturation point and that the CMB anisotropy
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would be discovered in the very near future. Indeed, a special satellite ‘Relikt’ was launched
in the USSR in 1983 in order to detect the large-scale anisotropy AT on the angular scale
6 > 1° in which the effect of plasma recombination became insignificant and the distribution
of intensity fluctuations of this radiation on the sky retained its pristine state, regardless of
the possible peculiarity of the ionization history of the Universe (Klypin et al., 1987; Strukov
and Skulachev, 1984). Using the metaphor of the times, the ‘entire scientific community’
participated in discussing the results of this experiment. No anisotropy was detected at the
(2-3) x 1073 level, and the only chance of somehow bringing together the predictions of the
theory and the observations was to suggest that the ‘hidden mass’ was not ‘hot’ as were,
for instance, massive neutrinos, but ‘cold’! Or, if one believed in the hot hidden mass, then
the spectrum of density perturbations should differ from the Harrison—Zeldovich spectrum
and decrease with increasing spatial scale of fluctuations; this would also be a bad result.
Matching the observations of the ‘Relikt’ project with theoretical predictions meant that the
fall-off of the spectrum towards the region of k — 0 automatically announced its increase in
the short-wavelength range, the closest to the scales of galaxies and galaxy clusters. However,
the level of fluctuations AT on the angular scale  oc k~! ~ 5-10' must be even higher than
for the Harrison—Zeldovich spectrum, and the problem with observational constraints on AT
would be even more complicated at these angles.

The cold hidden mass (CDM) was indeed a lifeline for the theory, even though its emergence
on the podium of CMB physics did not augur well for the future. It seemed that not only
details of the large-scale structure distribution in the Universe, but even the fact of its existence
could not survive in the framework of CDM models. Metaphorically speaking, the formation
sequence in the ‘hot” hidden mass model (a ‘downwards’ structure formation, from massive
pancakes to less massive galaxies) in CDM models was reversed: from smaller to larger
scales. And it was absolutely unclear how the flat conurations and filaments, so typical of the
large-scale distribution of matter in the Universe, could arise in this clustering. Fortunately,
this problem was successfully resolved in the early and mid 1980s, even though we are still not
completely sure how cold the cosmological hidden mass is (see Dolgov and Sommer-Larsen
(2001)).

After this very brief exposition of the history of the discovery of the cosmological role of
CDM models, we find ourselves facing one of the most important chapters in the physics of
primordial radiation, dealing with predicting the main mechanisms of generating AT during
the epoch of the cosmological hydrogen recombination. To be fair to the history of our subject,
we begin the discussion of the mechanisms of generation of primordial radiation anisotropy
with the analysis of the Sachs—Wolfe effect (Sachs and Wolfe, 1967) which played the key
role in raising the current status of observational cosmology — indeed, it was the anisotropy
involved in this effect that was the first to be detected.

5.2 The Sachs—Wolfe effect

Let us consider the process of anisotropy formation on the scale A >> . Where re.
is the scale of the recombination horizon, neglecting the scattering of quanta by electrons and
taking into account only the metric perturbation as a source of AT . In this approximation,
Eq. (4.10) immediately implies that temperature fluctuations 8 = AT /T are related to metric
perturbations /44 in a simple manner:
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where y, is the direction of arrival of the quanta.

In the Newton gauge, metric perturbations £, are given in terms of the functions W(X, 1)
and ®(x, 1) (Hu, 1995; Hu and Sugiyama, 1994). Transforming Eq. (5.1) to a variable & =
J dt/a and taking into account & and W, we obtain an equation for temperature perturbations
as follows:

0 +

J/0[8(9+\IJ) iy a0

o =0. 52
oxe Tage (52)

For the sake of simplicity, we limit the analysis to a flat-space-model Universe. Despite
the simple form, searching for solutions of Eq. (5.2) while taking into account the spatial
curvature of the universe E # 0 remains a fairly complicated problem. In the general case,
we choose a system of coordinates in an arbitrary manner, with the origin at the observation
point, and we can rewrite the perturbation distribution 6(£, X, ) as a series (Wilson, 1983):

0E %, 7) =Y _0EM; *Gi(E, P), (53)
=0

where M; was defined in Section 4.2, and the functions G;(X, ) are a set of eigenfunctions that
satisfy a certain set of conditions. We assume that the CMB temperature and perturbations of
the metric originate with the potential modes. A vector Q,, and a tensor Q;; can be constructed
from the potential function Q according to the following definitions:

Qot = _%Qlaa
Qup =k 2Qlop + 1Vap Q.

and Q|, stands for the covariant derivative in the spatial metric y,g. The following scalars can
be constructed using the vectors Q, and y*: G| = y* Q4 and G, = %y“yﬁ Q. Obviously,
the sequence G; can be readily extended by increasing the order of differentiation of the
scalar O and by projecting the result to y“. Wilson (1983) suggested using this method to
generalize the expansion of an arbitrary function of coordinates X and direction y in the
MeLric Vg,

5.4
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The round brackets used in Eqs (5.7) indicate a symmetry operation with respect to the
corresponding indices. In a flat-space Universe with £ = 0, Eqs (5.6) and (5.7) transform
into a simple combination of a plane wave and Legendre polynomials of index /, as follows:

a@E, 7,k = (=) e Pk - 7) (5.8)
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and are a recognizable combination of the Fourier expansion in spatial coordinates X and an
expansion in Legendre polynomials in the angular coordinate k- 7 = cos 0y, where 0y is the
angle between the direction of arrival of quanta and the wave vector of perturbations k. For
models with an arbitrary topology of spatial cross-section the transition from the functions
G,(X, y) to the functions g;(X, ¥, k) is carried out directly from Eq. (5.5):

GI(F, 7) =) a®ui v, k), (5.9)

k

wherea;(k) = M, 2 An important feature of the functions G;(X, ) is the recurrence relation
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where &k =1— (1> — 1)(E/k2), l>1, k=1 and dG/d§ stands for the complete
(Lagrangian) derivative of the function G;. With these qualifications we can return to Eq. (5.2).
In the most general case, (E > 0 and E < 0), the equations for the components 6;(£) have
the following form (Hu, 1995):

k
Oy =—60 — @ (5.11a)
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0 = —k [90 + V- gk;/292:| , (5.11b)
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It is clear from these equations that all k; in the flat-space model of the Universe (E = 0) for
| > 0 are identically equal to unity. In the approximation k¢ <« 1, the main components in
Eq. (5.11ca) are 8y and @, while the dipole term with 6; on the right-hand side of Eq. (5.11ca)
can be ignored. Consequently,

[ (5.12)

In the long-wavelength limit we can ignore the effect of pressure on the gravitational potential
and assume ® = —W. Then Eq. (5.12) yields

(6o + W)(E) = 60(0) +2W(5) — W(0). (5.13)

Equation (5.13) implies that the temperature fluctuations at the moment of the last scattering
& = &, are given by

A = (6 + Wlz=¢.. = 00(0) + Wo(0) + 2[ W (&rec) — W(0)]. (5.14)

The relation between 6y(0) and W(0) for adiabatic perturbations has the following form:
6p(0) = —%\II(O) (Hu, 1995). Taking then into account how W changes from the radiation-
dominated epoch to the epoch when ‘hidden mass’ dominates, we obtain

%\IJ for z > zeq
[0+ V] = | (5.15)
5\11 for z < Zeq,
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where z¢q is the value of the redshift that corresponds to the moment when the densities of
the relativistic and non-relativistic subsystems become equal. The reader will recall that the
solution for 6y was obtained in the long-wavelength approximation with k§ <« 1 and one
could neglect in Eqs (5.11ca—c) all multipoles with / > 0. However, for an arbitrary Fourier
harmonic with scale k&, > 1, where &, is today’s horizon, there is always a moment of
time & such that the corresponding wavelength of inhomogeneity first becomes equal to the
horizon of particles (k& ~ 1), and then at £ > & diminishes below the horizon (k& > 1 for
& > &). The solution of Eqs (5.11ca—c) for such Fourier modes has the form

61§, k)
21 +1

where j;(x) are the spherical Bessel functions. By virtue of the relation between 6, and 6;(€, k)
and the perturbations of the gravitational potential it is clear that the statistical properties of
the distribution of fluctuation temperature on the celestial sphere are dictated by the properties
of the potential perturbations distribution and will reflect specific features of its formation.

Assume now that the spatial distribution of potentials ® (X, §) and ¥(x, &) is arealization of
a random Gaussian process. Owing to the linearity of the transfer equation (5.3), the angular
distribution of temperature fluctuations is also a realization of a random Gaussian process
with the following correlation function (Bond and Efstathiou, 1987):

= [90 + \D](sreu k)]l [k(%‘ - Erec)] ) (516)
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where P;(cos ) are Legendre polynomials, cosd = 7’ - i, and 6 is the angle between the
directions of arrival of the quanta 3’ and 7. One specific feature of a Gaussian random
process is that its statistical characteristics are dictated by its spectrum (see, for example,
Adler (1981). Then the power spectrum has the form

20+ 1 Vo[ L 16(E, k)
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Substituting Eq. (5.15) into Eq. (5.17), we finally obtain

- 0 —n —n\’
200770 T (ST (4 )
where &, = 2(thH02)—1/ 21 +1n Q?(;?SS) is today’s horizon, €2 is the total density of all
forms of matter in units of critical density, n is the exponent of the spectrum of primary density
perturbations and B is the spectrum amplitude. Note that n = 1 for the Harrison—Zeldovich
spectrum, which is the most attractive one from the theory standpoint. Equation (5.19) then
immediately implies

k. (5.18)

9

(5.19)

1
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and most of the power AT of fluctuations due to the Sachs—Wolfe effect concentrates on
small multipoles / >~ 0, 1, 2. The mode with / = 0 corresponds to uniform distribution of
AT, independent of angle, and must therefore be eliminated by an ordinary change of the
datum line for AT. The mode with / = 1 corresponds to the mean value of the dipole
component and may in principle be observable. However, a similar anisotropy is also created

cHSV x

(5.20)
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by the local motion of our Galaxy relative to the CMB. Therefore, the cosmological dipole
anisotropy is considerably distorted by this effect. Finally, the mode with [ = 2 corresponds
to the contribution from the quadrupole anisotropy to the variance of the CMB temperature
perturbations. In fact, this mode is powerwise one of the largest contributors to the angular
distribution of AT. It was for these reasons that the first experiments on searching for large-
scale anisotropy AT were specifically focused on achieving the maximum possible precision
in measurements of the quadrupole component; this is also true for the Cosmic Background
Explorer (COBE) project.

Concluding this subsection we need to remark that the Sachs—Wolfe effect is sometimes
additionally split in two: into the ‘local’ and the ‘global’ effects. The details can be found in,
for example, Hu, Sugiyama and Silk (1997) and Hu et al. (1995a,b).

5.2.1 Dipole anisotropy

Let us look in greater detail at the properties of the dipole anisotropy of the CMB
revealed in careful measurements made by the COBE satellite. We shall assume that the
observer moves at a speed v in a certain direction relative to the CMB. The angular distribution
of the intensity of quanta that is observed, recalculated to the blackbody temperature, is given
by the following well known formula (Landau and Lifshits, 1984):

(1—p2)'2

Tobs(e) = Tom,

(5.21)
where 6 is the angle between the vector v and the direction of observation. We assume that
B = |U/c| < 1; that is, that the movement proceeds at a non-relativistic speed. We expand
Eq. (5.21) in a Taylor series in a small perimeter § < 1. The temperature distortions are then
equal, up to terms ~f2, to

2
ATO) | Bcosh + b cos26 + O(BY). (5.22)
Ty 2

As we see from Eq. (5.22), the motion of an observer relative to the CMB generates a
dipole component ~f and a quadrupole component ~82. The same equation shows that
higher multipoles are generated in higher orders in v/c. Consider first the highest-amplitude
term v/c in Eq. (5.22). For this term the mean-square perturbations amplitude (AT (6)/T?))
is of the order B%/2. For the sake of evaluation we assume ((AT/T?))gp ~p>/2 ~ 107°
and evaluate the level of quadrupole anisotropy generated by local movements of matter.
Eq. (5.22) implies that

AT(0)
Ty lq

2
~ 5,3 P;(cos ), (5.23)

where P,(cos 6) is the Legendre polynomial of index / = 2. The order of magnitude of the
level of the quadrupole component due to the local speed of the observer is close to 1076
(~ B?). Let us now analyse the observational data on the dipole anisotropy of the primordial
radiation. The best precision in measuring the amplitude and orientation of (AT /T)|q;p Was
achieved in the COBE project, with not only the quantity AT |g, = 3.35 4= 0.024 mK, but
also the temperature 7y = 2.725 + 0.020 K measured successfully (Kogut et al., 1996a).
In dimensionless units, therefore, (AT /T)|gip =2 1.23 x 1073, and its orientation in galactic
coordinates (/, b) corresponds to [ = 264.26° + 0.33°; b = 48.22° £ 0.13°.
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Figure 5.1 Large-scale (6 > 7°) CMB anisotropy (the COBE data are from Bennett et al.,
1996). The aggregate radio sky maps were obtained by combining three frequencies: 31, 53
and 90 GHz. The grey band across the middle represents the smoothed emission of the
Galaxy.

In equatorial coordinates (¢, §) this results in the values o = 11"M12m2 4+ 0.8™ and § =
—7.06° £+ 0.16° (the 2000° epoch). Figure 5.1 maps the distribution of anisotropy measured
by the COBE satellite (Bennett et al., 1996). In galactic coordinates, the distribution of dipole
anisotropy is characterized by not one but three quantities, namely ATy, AT, and AT, in
correspondence with the work of Kogut ef al. (1996a):

AT, b) = AT, cos(l) cos(b) + AT, sin(l) cos(b) + AT, sin(b). (5.24)

The corresponding amplitudes AT, AT, and AT, measured in the COBE project are listed
in Table 5.1 for the frequency ranges 31, 53 and 90 GHz; these data ignore the correction for
the galactic emission. Tables 5.2 and 5.3 represent contributions from the galactic component
(the synchrotron and free—free emission and the emission by dust) and the amplitude of the
observer’s velocity relative to the CMB radiation.
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Table 5.1. The observed parameters of dipole anisotropy AT (I, b) = AT, cos(l) cos(b)+
AT, sin(l) sin(b) + AT sin(b)

All parameters were renormalized to the antenna temperature. Correction due to the contribution of
the Galaxy is not included.

AT, AT, AT, Amplitude M !
Channel Type (mK) (mK) (mK) mK (deg) (deg)
31A mean —200 —2216 2406 3277 264.82 47.25
noise 21 31 23 27 0.56 0.49
gain 5 55 60 57 0.00 0.00
systematics 16 22 14 18 0.43 0.34
total error 27 67 66 66 0.71 0.60
31B mean —190 —2180 2396 3245 265.00 47.60
noise 24 35 26 31 0.65 0.56
gain 4 50 55 52 0.00 0.00
systematics 21 29 27 28 0.56 0.50
total error 32 68 67 67 0.86 0.75
53A mean —198 —2082 2314 3120 264.56 47.89
noise 7 10 8 9 0.21 0.18
gain 1 14 16 15 0.00 0.00
systematics 9 17 10 13 0.25 0.27
total error 11 24 21 22 0.33 0.32
53B mean —-199 —2067 2353 3139 264.48 48.56
noise 8 12 9 10 0.23 0.20
gain 1 14 16 15 0.00 0.00
systematics 7 11 10 10 0.22 0.20
total error 11 22 21 21 0.31 0.29
90A mean —180 —1820 2058 2753 264.33 48.37
noise 13 19 15 17 0.42 0.37
gain 3 36 41 39 0.00 0.00
systematics 8 17 11 14 0.27 0.32
total error 16 44 45 45 0.50 0.49
90B mean —174 —1830 2029 2738 264.56 47.82
noise 9 13 10 12 0.29 0.26
gain 2 23 26 25 0.00 0.00
systematics 6 13 11 12 0.20 0.26
total error 11 30 30 30 0.35 0.37

Converting to the system of coordinates with an angle 6 between the vector v and the
direction of arrival of quanta, we can transform the COBE data to the form of Eq. (5.22).
Figure 5.2 plots the antenna temperature obtained by processing the experimental data (Kogut
etal., 1996a) as a function of angle 6. We see from Fig. 5.2 that the behaviour of T (0) agrees
perfectly well with theoretical predictions.

Figure 5.3 illustrates the accuracy of measuring the amplitude and orientation of the dipole
component, with a correction for the galactic emission in all frequency ranges of the COBE.
For comparison, the data obtained by other observational groups in a number of frequen-
cies are also shown. Note that the COBE results correspond with high accuracy to ATgp,
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Table 5.2. Contribution of the radiation from the galaxy to the dipole component

AT, AT, AT, Amplitude i b
Type of radiation (1K) (1K) (1K) (1K) (deg) (deg)
Synchrotron 38+1.2 1.2+04 —-1.54+0.5 43+1.1 18£8 2148
Free—free —134+87 —-814+21.0 —-11.6+20.8 142+20.8 261 +64 —-55+84
Dust 0.3+0.1 0.3+0.1 —-0.240.1 0.5+0.1 45+£13 —-254+9
Combined 28+88 —6.6+£21.0 —133+£20.8 15.14+20.5 293+£92 —-62+75

Table 5.3. Relative motion velocities

Velocity M b!
Type (km/s) (deg) (deg) Reference
Sun-CMB 369.5 £ 3.0 264.4+0.3 484+0.5 Kogut et al. (1993)
Sun-LSR 200+ 1.4 57+4 23+4 Kerr and Lynden-Bell (1986)
LSR-GC 222.0+£5.0 91.1+0.4 0 Fich, Blitz and Stark (1989)
GC-CMD 5522455 266.5+0.3 29.1+04
Sun-LG 308 £ 23 105+5 —7+4 Yahil, Tammann and Sandage (1977)
LG-CMB 627 +22 276 £3 3013

Note: LSR: local system of coordinates; GC: galactic centre; LG: local group.

not depending on frequency, as should be the case for the Planck blackbody radiation. Fig-
ure 5.3(b) indicates the direction of motion of the observer relative to the CMB on the diagram
(I, b). As we see from this diagram, the COBE data have the smallest errors and fall within the
error intervals of the earlier experiments. However, dipole localizations obtained using the
differential radiometer (DMR) and FIRAS — a COBE instrument — are different at the 68%
confidence level. At the 95% confidence level this difference lies within the measurement
error range.

We need to emphasize again that the CMB anisotropy is related to the observer’s motion
in the local group relative to the CMB. This motion is caused by local inhomogeneities
of the gravitational potential. The dipole anisotropy for non-perturbed CMB temperature
T, = 2.73 K corresponds to the parameter 8 = (1.23 4 0.01) x 1073, which is equivalent to
the velocity modulus v ~ 370 4 3km s~!. Using this value of velocity combined with the
measured dipole orientation makes possible the evaluation of the velocity and the direction
of motion of the local group: v g >~ 627 £ 22 (I, by = (276° £ 3°, 30° & 3°).

Note, nevertheless, that owing to large errors this prediction is rather difficult to
compare with the dipole anisotropy data obtained by other techniques, for instance the
anisotropy of the x-ray background measured by the HEAO-1 satellite: v, >~ 475 4 165 and
(", by ~ (280°, 30°). Furthermore, it is very difficult to separate the contribution of each
component in view of the interference between the cosmological dipole component and local
inhomogeneities of the gravitational potential. This is the reason why the principal informa-
tion on the behaviour and distribution of inhomogeneities in the Universe on a scale above
10?3 x 10*> Mpc is carried by the harmonics / > 2; we analyse these harmonics in the
following.
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Figure 5.2 (a) True antenna temperature as a function of angle 8. (b) Deviations from the
dipole distribution from the data of Kogut et al. (1993, 1996a). Adapted from Kogut ez al.
(1993).

5.2.2  Quadrupole anisotropy of the CMB and higher harmonics
In the quadrupole anisotropy mode of the CMB the contribution from our Galaxy
is found to be comparable with the amplitude of the primordial (cosmological) component
(Bennet et al., 1996). If we use the COBE results, the corresponding root-mean-square
value of the quadrupole component is found to be Qs = I0.0fZ uK (68% confidence
level).
At the 95% significance level the quadrupole amplitude lies within the interval 4 uK <
Oms < 28 pm (Kogut ef al., 1996a) and can be easily matched by any realistic model of
the adiabatic perturbations spectrum. We wish to emphasize that the idea of comparing the
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Figure 5.3 Amplitude orientation of the dipole. Adapted from Kogut et al. (1993).

amplitude of each specific multipole with theoretical predictions is fraught with an evident
internal contradiction. In principle, the source of CMB anisotropy on angular scales above
1-3° could be any type of perturbations (adiabatic or isopotential), including gravitational
waves. The free parameters that implement the ‘matching’ of the perturbation spectrum P (k)
and the corresponding characteristics AT (8, ¢) are, in a natural way, the amplitude and shape
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of the spectrum P (k). One could fix the type of perturbations or their superposition, and aim
at bringing together as close as possible the theoretically predicted behaviour of the correla-
tion function &3 (0) and its experimentally determined value &.4(6), taken, for instance, from
the COBE data. If we assume that the spectrum shape for the potential perturbations and
gravitational waves is a free parameter, then this problem of minimizing the deviations &y (0)
and £ () is always solvable. However, this solution would be practically useless because the
experimental values Cjy) for each [ may incorporate unequal error levels, including system-
atic effects that would be immediately transformed into errors of spectrum reconstruction.
Furthermore, we remind the reader that the large-scale anisotropy AT (6, ¢) corresponds
to the scales of spatial perturbations rp.s > 100-300 Mpc (depending on the values of the
parameters 1, Qo 2, Ldam, 24, etc.). For these scales we have no reliable observational
techniques that would allow us immediately to test the spectra P (k) using the data on the
large-scale distribution of matter. Consequently, the cosmological value of this ‘technique’
of minimizing &y;(0) and &.x(6) would be very nearly zero because its results could not be
verified to an acceptable degree. We believe that a more constructive, and hence preferable,
approach is one in which the bridge between typical galactic scales (~1Mpc) and rig is
imposed by the spectral model P(k), whose parameters are verifiable by using the data on
the spatial distribution both in the range r < rs and with the data on the CMB anisotropy
(r = rLs). One of the most successful models of this type is the power law P (k) = Ak" already
discussed for the adiabatic mode of perturbations density, preset over the entire domain of
the modulus of k.

The CDM model with Q¢ = 1, 2, = 0 and the exponents of adiabatic perturbations
n = 1 is the simplest model for an analytic investigation of the large-scale anisotropy of the
CMB.

With this model, it is possible to monitor analytically the behaviour of the function £y (6),
and then easily generalize the results to more complex cosmological models that include
a non-zero cosmological constant or non-adiabatic perturbation modes. Following Kofman
and Starobinsky (1985), we rewrite the correlation function &y(6) for the ‘standard” CDM
model in the form

)
En(0) = A Py(cos 0), (5.25)
® ;1(1“) !

where A is a normalization constant proportional to the amplitude of the Harrison—Zeldovich
spectrum for adiabatic inhomogeneities (n = 1). The monopole and dipole components
were subtracted from Eq. (5.25). The expression for the correlation function (5.25) can
be transformed to a combination of trigonometric functions (Kofman and Starobinsky,
1985):

En(0) =Z{—%cos€ —1—2In (sin g)} . (5.26)

Formally this expression has a singularity at 6 — 0, of clearly understood nature. Summation
in Eq. (5.25), no matter how large [ is, falls beyond the limits of applicability of the theory
based on the Sachs—Wolfe effect. Formally we need to use /;.. corresponding to the condition
lrecBrec = 1 (Where Oy is the angular measure of the recombination horizon recalculated to
the current age of the Universe) as the upper bound on the sum in Eq. (5.25).
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Figure 5.4 Auto- and cross-correlation of the signal on COBE maps. (a) Autocorrelation
functions. The solid curve is the contribution of the quadrupole component.

(b) Cross-correlation of the DMR x FIRAS data. (¢) The difference (FIRAS x DMR) —
(DMR x DMR). Adapted from Fixsen et al. (1997).

Another factor that must also be remembered when comparing theoretical predictions
with observations is the angular resolution of the antenna of the receiving equipment, which
can be worse than 6,... One illustration of this situation is the COBE experiment, in which
Oa ~ 10° > 6O (see Fig. 5.4). With this correction of theoretical predictions taken into
account, the correlation function of fluctuations of AT(9) on angular scales imposed by
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the Sachs—Wolfe effect has an extremely simple structure, Eq. (5.26), that reflects two most
important factors: selection of a flat-space model of the Universe and the scale-invariant
spectrum of metric perturbations P,(k) related to the spectrum of density perturbations by a
simple formula Py(k) = k=*P(k) ~ k3. Note that the variance of the perturbations metric
in the interval k—k +Ak,

k+Ak k+Ak dk
(h?) ~f dk~k2P(k)~f — (5.27)
k ¢ k k’ )

is practically independent of the choice of the interval width.

Making use now of the results of the analysis of the spectrum C (/) and the correlation
function &y (0) in the framework of the standard CDM model, it is not difficult to interpret
what causes changes in these characteristics in more complex cosmological models. When
we were discussing the observational status of the hidden mass problem in Chapter 1, we
mentioned several times the importance of taking the cosmological constant into account for
the dynamics of expansion of the Universe. The emergence of the vacuum density 2, in the
anisotropy distribution of the CMB is characterized by two main effects.

First, the law dictating the growth of perturbations at the post- hydrogen-recombination
stage changes, especially as z — 0 (Peebles, 1983). Secondly, owing to the effect of vacuum
density changes, the Universe expands faster than in models with 2, = 0. This results in
the renormalization of angular scales that correspond to the spatial scales of inhomogeneities
AT (Kofman and Starobinsky, 1985; Zabotin and Naselsky, 1983). Taken together, these fac-
tors result in the following modification of the spectrum of large- scale modes of AT (0)
(Kofman and Starobinsky, 1985) for adiabatic metric perturbations with the Harrison—
Zeldovich spectrum:

Cc() = A KX (5.28)
( —m i A)s .
where
1/6
K,Z(szA)=1+D,[< > —d] 1>5, (5.29)
1—Qp

d ~1.04, D, =1.58, D3 = 1.31, D, = 1.12. If | > 5, the approximation for the spectrum
transformation coefficients K; changes as follows:

B(2s)

KE(QA>=1+I+1/2,

(5.30)

so the corresponding coefficients B for the preferable values of the parameter 2, = 0.7-0.9
are: 1.53, 2.707 and 5.325. The behaviour of the function g; related to the spectrum C(I) by
the condition ¢; = C'/2(]) for various ACDM models was investigated in detail by Gorski,
Silk and Vittorio (1992). The condition common to these models is Q¢ = 1 = Q¢ + Q4.
The general feature of ACDM cosmological models is an increase in the level of large-
scale CMB anisotropy as €2, increases. This result has a fairly simple explanation. The
higher the vacuum energy density, the earlier the moment of equality of cold matter densities
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Pdm = QdmpPer(1 + 2)3 and pp = Q4 pcr:

Q"3 Q. \'2
1 = — = . 5.31
e (Qdm> (1—QA> 63D

Note that the increase in adiabatic perturbations terminates at the stage of vacuum density
domination (Peebles, 1983). Therefore, for non-linear structures to form in matter distribution
in a ACDM model, it is necessary for the initial amplitudes to be the higher, the higher z* and
with it the higher Q2,4 are. Owing to the weak dependence of z* on €2, this effect becomes
automatically small in amplitude but is nevertheless substantial if we consider temperature
fluctuations of the CMB.

Note that adiabatic perturbations are not the only source of large-scale CMB anisotropy.
Primordial isopotential perturbations or gravitational waves would result in an anisotropy of
the CMB intensity distribution on the celestial sphere as a consequence of perturbations of the
gravitational potential that they produce and the ensuing gravitational shift in the frequency
of quanta. The role of gravitational waves in the formation of large-scale angular variations
of AT will be discussed in detail in Section 5.2.3.

5.2.3  Gravitational waves as sources of large-scale anisotropy of the CMB

One of the most important predictions of today’s theories of the early stages of
evolution of the Universe based on inflation models is the prediction of the background
of gravitational waves that are generated in the process of restructuring of the vacuum of
physical fields (Starobinsky, 1979). The qualitative differences between the characteristics
of anisotropy generated by adiabatic perturbations in the epochs prior to and after hydrogen
recombination and by gravitational waves can be understood by analysing specifics of their
evolution. First of all, gravitational waves differ from adiabatic perturbations of the metric
independent from the mass distribution as a result of the tensor nature of the former: low-
amplitude gravitational waves do not cause redistribution of density and velocity of matter
and undergo independent evolution. This feature was pointed out in the pioneering paper
Lifshits (1946). Owing to the expansion of the Universe, the gravitational wave amplitude is
a function of time (Grischuk, 1974):

hb(g, xX) = Z‘ZE(—S))Gg(/E, H+k-c. (5.32)
7

For simplicity, we consider a flat-space model of the Universe in which the evolution of the
amplitude p; = uj(§) is described by a familiar equation (Grischuk, 1974):

” a//
n7 + (k2 - ;> nz(€) = 0. (5.33)
Asymptotics of the function p;(£) in the limit of long (k& < 1) and short (k& >> 1) grav-
itational waves follow from Eq. (5.33). In the former case (k& < 1) the function w () is
implied by a well known solution (Grischuk, 1974):

dé
M,z:Cl-a-{-Cz'a/a—z. (5.34)
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In the short-wavelength limit the equation for amplitudes (&) corresponds to the equation
for the harmonic oscillator and has a simple analytic solution,

Up = 51 sink& + 52 coské&. (5.35)

Note that if the equation of state of the matter in the early Universe corresponds to the
ultrarelativistic limit P = ¢/3, a”/a = 0 implies that the high-frequency approximation,
Eq. (5.35), corresponds to the exact solution, Eq. (5.33) (Grischuk, 1974).

We now make use of Eqs (5.34) and (5.35) and trace the changes in the metric perturbation
amplitude in each mode k, depending on the ratio of the gravitational wavelength and the scale
of the cosmological horizon. We assume that & > &.. and that the dynamics of expansion of
the Universe is dictated by the hidden mass with Q¢ = 1 and 2,4 = 0. The corresponding
generalization to models with 2, # 0 can be constructed by analogy with the adiabatic
modes discussed in the preceding section.

Consequently, if k¢ « 1 theninview of Eq. (5.34) the growing mode is given by the expres-
sion up o< C 1(1;) DE2 o~ g k*£2, while the decreasing mode can be ignored. The function 15
reaches a maximum p; 2~ gz at k& ~ 1 and switches from the evolution regime in Eq. (5.34)
to the oscillation regime in Eq. (5.35). These oscillations are of constant amplitude that does
not exceed gj:

~ kE,

Gy = gike?2 (sin kE, + 2C°kS § ) : (5.36)
*

~ sin k&,

Coiy = gik?E? (cos kéE, —2 . ) ,

where k&, ~ 27 corresponds to the condition of equality of the gravitational wavelength
and the horizon size. The metric perturbations created by the gravitational wave are of
order hy ~ ux/a ~ gr/€% and fall off as the conformal time & increases. Therefore, the
main contribution to gravitational potential perturbations, and hence to CMB anisotropy,
comes from gravitational waves with k&, >~ 27 when n; reaches a maximum. As is the case
with adiabatic modes, the CMB angular anisotropy distribution is completely determined
by choosing the spectrum of gravitational waves ®,(k). In the simplest models of inflation
that predict a scale-invariant spectrum of metric perturbations ®, ~ k=3, the spectrum of
gravitational waves is also scale-invariant: ®,4(k) k3 (Starobinsky, 1985a,b). This means
that for angular scales 6 >> 6., where 6y is the angular scale of the recombination horizon,
the multipole structure C(1)¢" should not be very different from the structure C (/) for adiabatic
modes. A detailed numerical analysis of the transfer equation for quanta in the presence of
gravitational waves leads to a dependence of C(/)®" on/ as shown in Fig. 5.5. As we see from
this figure, the peculiarity of gravitational waves is pronounced when / = 2 (the quadrupole
component) and when [ > 10%, where the contribution of gravitational waves (gw) to the
CMB anisotropy is suppressed.

Note that any inflationary model that uses the condition of slow variation of the inflaton
potential and the relation between the contributions of the gravitational waves and scalar
(adiabatic) perturbations to the CMB anisotropy is conveniently characterized in terms of the
so-called 7'/ relation (Polarski and Starobinsky, 1994):

r CAE

ST COr =klnrl;  np <O, (5.37)
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Figure 5.5 (a) Anisotropy spectrum generated by gravitational waves in the two CDM open
models with & = 0.7, Qph% = 0.00125 and Q, = 0.1 (dotted line), and Q, = 0.4 (dashed
line). The solid line corresponds to the standard CDM model without cosmological
constant. Adapted from Challinor (2000). (b) CMB anisotropy power spectrum for ACDM
cosmological models with corresponding background of the gravitational waves from
inflation; A is the amplitude of the CMB anisotropy power spectrum normalized on the
amplitude of the COBE correlation function at / = 10, R = T'/S. Adapted from Melchiori
et al. (1999).

where nt = d(log k3d>§(k)) /d(log k) is the deviation of the power spectrum of gravitational
waves from the scale-invariant spectrum

k=62 for I>1 and |ng| <1 (5.38)

and k» = 6.93, k3 = 5.45, ks = 6.10, k1o ~ 5.3 for |n1| < 1 (Polarski and Starobinsky,
1994).

As we see from Eqs (5.37) and (5.38), it is most likely that the contribution of gravitational
waves does not exceed that of adiabatic perturbations. We should not dismiss the fact, however,
that for special inflationary models it may be comparable to, and even greater than, the
contribution of adiabatic modes (for details, see Lukash and Mikheeva (1998)).
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53 The Silk and Doppler effects and the Sakharov oscillations

of the CMB spectrum

When discussing the mechanisms of generation of the primordial CMB anisotropy
in Section 5.2, we emphasized that it is related to three most important physical processes:
the gravitational shift in the frequency of quanta (the Sachs—Wolfe effect), the adiabatic
confinement of radiation before the hydrogen recombination epoch in the zones of elevated
and reduced density (the Silk effect) and the scattering of quanta by free electrons moving in
adiabatic perturbations both before and during recombination (the Doppler effect).

It has become fashionable to split each of the above mechanisms into ‘subclasses’ depend-
ing on which part of the fluctuations spectrum C(I) is to be described and what physical
processes in combination provide the main contribution to C(/) for a given value of /. This
may be correct in principle when we deal with a detailed theory of formation of CMB
anisotropy (we can also add of CMB polarization formation) based on a serious mathemat-
ical foundation. From the aesthetics standpoint, however, and paying its due to the history
of CMB research, we consider it natural to retain the older classification. On one hand, it
has already nearly ‘celebrated’ its 35th anniversary, and on the other hand it is a visual
reflection of the nature of the fundamental sources of generation of the CMB anisotropy that
we find on the right-hand side of Eq. (2.10). As before (see Sections 5.1 and 5.2), we use
the Newton gauge for metric perturbations, as proposed in Ma and Bertshinger (1995) and
Mukhanov, Feldman and Branderberger (1992); the spatial interval of this gauge is given
by Eq. (4.2).

A distinctive feature of the high-frequency approximation to be analysed in this section is
that it takes into account the effect of induced transparency (a change in optical depth, 7, in
the course of hydrogen recombination). Comparing this approximation with long-wavelength
asymptotics of the equation of transfer of quanta in a weakly non-uniform medium, we
can state that the high-frequency approximation describes the angular distribution of the
CMB anisotropy on scales that are smaller than or of the order of magnitude of the angular
scale of the cosmological horizon r. (taken at the moment of hydrogen recombination and
recalculated to the current moment, taking into account the expansion of the Universe).

Using the same method of expanding temperature perturbations 6 = AT /T as used in
analysing the Sachs—Wolfe effect (see Section 5.2), we give the corresponding generalization
of the set of equations for the multipole components 6;, taking into account the variation
of the optical depth of plasma in (conformal) time. For convenience we first consider, as
before, the flat-space cosmological model (E = 0) and then generalize these results to more
complicated models with E # 0. The corresponding modification of transfer equations for
each [ mode, 6, is as follows (Hu and White, 1996):

Oy = k9 ol
0 — 3] ’

2
9{ =k @0 + v — 3@2:| — ‘L'/(Ql — Ub),
- (5.39)




148 Primary anisotropy of the CMB

The reader will remember that, as before, the relation between the kth temperature fluctuation
mode in the direction of arrival of quanta y and 6(£, k, ) is given by the expression

0E k. 7) =y (-0 Pk ), (5.40)
1

where v, denotes the kth harmonic in the expansion of the velocity field perturbations in
matter (see Eqs (5.39)) and t” = n.ora is the derivative of the optical depth of plasma with
respecttotime, & = f dt/a, where a is the scale factor, n. is the concentration of free electrons
and or is the Thomson cross-section. The set of equations (5.39) needs to be complemented
with an equation for V;, (see Hu and White (1996)). Furthermore, Eqs (5.39) were derived
making an important assumption, namely that polarization effects in the scattering of quanta
by electrons do not play any significant role in the formation of the CMB anisotropy. The
validity of this assumption is confirmed a posteriori (see Chapter 6 for details).

Starting with hydrodynamics equations for baryonic fractions of matter, we write the
corresponding relation between density and velocity perturbations in the following form (Hu
and White, 1996):

/ /

5, = —kvp — 30'; o = — Loy + AW+ %(91 — W), (5.41)
a

where R = (3pp)/(4p,). As before, Oy = AT/T = }—‘(6;),,/,0)/), where p,, is the density of
CMB quanta. Furthermore, the relation between metric perturbations and density and velocity
perturbations in multicomponent matter is given by the following relations (Bardeen, 1980):

' Vi
K® = 4rGa® Z [pia,- +3% (o + P,»)—} ;
- a k (5.42)

(W + ®) = —87Ga® Y PTI;,

where the index i provides correspondence to each species of matter in the Universe (including
the hidden mass, massive and massless neutrinos, the baryonic fraction and the CMB), and
I1; is the anisotropic part of the pressure.

The set of equations (5.39)—(5.42) fully describes the process of generation of primary
anisotropy of the CMB in the expanding Universe in the epoch before and after hydrogen
recombination. Obviously, it does not take into account the possible distortions of the charac-
teristics 0(/2 , 7, &) at the later stages of evolution when the first galaxies and quasars, capable
of changing the ionization balance in the plasma and causing additional scattering of quanta
by electrons, had formed. This aspect of the problem will be discussed in detail in Chapter 6.
We need to emphasize in particular that an analysis of the solutions of Eqgs (5.39)—-(5.42) is a
rather complicated mathematical problem. We have already mentioned that if the primordial
adiabatic perturbations of the metric, velocity and density of the plasma emerged from quan-
tum fluctuations of the vacuum during the inflation stage, it is only natural to expect that the
random quantities ®;, V4, §;, ® and ¥ have the normal (Gaussian) distribution. In this case,
all statistical properties of random Gaussian fields are fully determined by the appropriate
power spectra.

We have already introduced a definition of the spectrum C(/) for the CMB anisotropy. It
is therefore clear that if we are interested in the behaviour of the function C (/) at [ ~ 5000,
then to find C(/) from Eqs (5.39)—(5.42) we need to take into account roughly 5000 equations
that belong to the class of ‘rigid’ systems which involve ‘rapid’ variables, such as the optical
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plasma depth or the quantities ®;(&) at [ > 107, along with slowly varying variables (for
example the scale factor a(t) or CMB temperature). In the general case, a correct analysis
of Eqs (5.39)—(5.42) for various cosmological models is possible only in the framework of a
numerical simulation which constitutes a sufficiently complex mathematical problem. At the
same time, it is possible to generate analytically a number of asymptotes that agree perfectly
well with the results of numerical experiments, and thereby reveal the main factors that dictate
the formation of the primordial CMB anisotropy and its relation to the perturbations of the
metric, velocity and density of matter. This relation is unique in that the corresponding scales
of perturbations that generate AT are found to be quite close to the spatial scales of today’s
structures. Therefore, we can look at the very beginning of the process of gravitational growth
of perturbations that spawned structure in the cosmos by analysing the angular distribution of
AT in the sky. And since the modern stage of structure evolution in the Universe is strongly
non-linear, there is no need to justify in detail to what extent it is important for us to know the
initial conditions of this process in order to understand the laws dictating how it progresses.
These ‘initial’ conditions can (and must!) be obtained by analysing the CMB anisotropy.

A substantial simplification of the analytical investigation of the solutions of Eqs (5.39)—
(5.42) is connected with analysing the so-called high-frequency approximation in which the
parameter k /7’ is assumed to be large: k/t’ >> 1. This approximation was first used to analyse
the process of generating AT in a baryonic model of the Universe (Peebles and Yu, 1970;
Zeldovich and Sunyaev, 1970). When the plasma is highly opaque, T >> 1 (but t/t’ ~ §),
the high-frequency approximation k/t’ >> 1 is equivalent to the condition k& >> 7. In this
approximation, following Peebles and Yu (1970), we can retain only the multipole (6y) and
dipole (6;) components, with which Eqs (5.39) transform to the following form:

/

egz—gel—cb’; egz—lfR%elJr 1J’;R90+kw. (5.43)
The set of equations (5.43) has an important property. We see that the characteristics of the
CMB anisotropy (6p) and (6;) depend on the behaviour of the gravitational potentials ® and
V. In the standard baryonic model that was carefully investigated at the beginning of the
1970s, the contribution of ® and W to the set of equations can be neglected for the following
reason. Let us take a look at the set of equations (5.42). It immediately implies that both
potentials, ® and W, are related to CMB temperature perturbations via the expressions

4mp, Gba®
k2
The reason why the generated metric perturbations are small is very simple. High-frequency
density perturbations of the CMB and the baryonic matter create perturbations whose ampli-
tude decreases with wavelength. Formally, this signifies that one can neglect the terms &’ and
W Egs (5.43) for the baryonic Universe (with the hidden mass not taken into account); after
this, seeking the solution becomes trivial. Substituting 6; from the first equation of (5.43)
into the second, we obtain
d k?

@[(1 + R)bp] + ?90 =0. (5.44)

D, ~ ~ Gp(k*E2) 7! « 6.

Obviously, solutions of this equation are oscillatory in nature and describe sound waves in
the baryon—photon gas.
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In models that take into account the cosmological role of non-baryonic matter that mani-
fests itself as hidden mass, the situation with metric perturbations becomes somewhat more
complicated compared with the one described above. The point is that along with perturba-
tions of the density of the CMB and baryons, perturbations of the hidden mass density also
take part in the formation of perturbations of the gravitational potential. Formally, compared
with the preceding estimate of the perturbation level of ® and W, a new parameter emerges
in the theory, namely &, , which corresponds to density perturbations in the hidden mass, and
a parameter p,/pp > 1, which is a measure of the extent to which the hidden mass density
exceeds the density of the baryonic fraction of matter. This means that the formation of both
® and W is driven by perturbations in dark matter and, hence, that they act as external sources
of anisotropy in the set of equations (5.43). With this factor taken into account, Eq. (5.44)
generalizes to

i[(l +R)9’]+EG = —k—2(1 + RV — i[(l + R)®'] (5.45)
de L R de ‘ '
We need to point out that further analysis of Eq. (5.45) depends on the accuracy of approxi-
mation that we aim to achieve. As the zero approximation illustrating the qualitative aspect
of the problem, we can ignore (as we described above) the effect of perturbations in the
baryon—photon gas on the gravitational potential, assuming it to be responding only to hid-
den mass perturbations.! In the general case, which also covers the effect of CMB temperature
perturbations and perturbations of matter density on the potentials ® and W, Eqs (5.45) and
(5.41)—(5.42) imply the well known equation for the combination of the zero-order and first
momenta (Hu and White, 1996), namely

a/
A=06,+—6, 5.46
o + prad (5.46)
of the following type:
6 ) y/A 1 y// y/ 2 y//
l+—(l+R)}|:A——}+—l—3—+6 — 0, = Z—Wg — D,
[ y? yA+R)] 3 y y y S
(5.47a)

! 6
o+ 26, — [1 -0+ R)Z} Ws. (5.47b)
y y

(1+R)
Here an apostrophe indicates a derivative with respect to the variable x = k& with & fixed,
y=(Q, Hoz)l/ 2ak, 2, is today’s density of CMB quanta in units of critical density, and Wg
and ®g correspond to the potentials W and & that depend only on density and perturbations
in hidden matter.

Let us consider the behaviour of #; and A in the limit z 3> 10? when we can ignore the
role of the baryonic component in comparison with the density of the electromagnetic radi-
ation. Formally, this corresponds to the parameter R tending to zero and, since a(§) « &, the
parameter y becoming proportional to x. In this approximation we obtain from Eqs (5.47) that

10 X Jw , 0 6
AN - At~ = |:—S—\I/s:|; 9/+—1—[1—;:|A=‘I’s- (5.48)

X 37 x246| x X

Equations (5.48) imply that (Hu and White, 1996)

! Simultaneously, we assume that the contribution due to neutrinos is also negligible.
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A+ l |:1 — %j| A= Sx), (5.49)
3 X

where

S0 1 12 x2(x2+18) X , 2,
N=—|z———— - - .
32 +62] 0 (x24+62 5 x246 x24+6

(5.50)

Note that in the limit of small x the gravitational influence on the behaviour of radiation
and baryons in the gas by the hidden mass becomes small, so that formally we can assume
S(x) >~ 0in Eq. (5.49). In this approximation the equation for A becomes the Bessel equation
and its solutions can be obtained in terms of trigonometric functions (Doroshkevich, 1985;
Kodama and Sasaki, 1984; Naselsky and Novikov, 1993; Starobinsky, 1988):

A = AAT + BA™,

ea(3) ()

where A and B are constants. Using Eq. (5.51) as a fundamental solution, Hu and White
suggested using the Green’s functions method for finding a solution in the case of an external
source S(x) (Hu and White, 1996). The main idea boils down to the assumption that the
constants A and B in Eq. (5.51) are now regarded as functions of the parameter x, as follows:

A(x) = A(X)AT(x) + B(x)A™(x),

where

A = AGw) — V3 [ A-G)SE) dy,
. (5.52)
B(x) = B(rw) — V3 / AT(DS() d,

where x;, corresponds to the moment of time for which the amplitude of the initial fluctuations
A(xjy) and B(xy,) is prescribed.

This approach makes it possible to simplify greatly the mathematical investigation of the
problem, even though numerical analytical techniques are still required. Note that once we
switch over to numerical analysis of solutions, the preferable approach in our opinion is to
discuss the behaviour modes of temperature perturbations of the CMB in the framework of
the rigorously formulated problem, which naturally cover the asymptotics (5.49)—(5.52) as a
particular case.

At the same time, the interpretation of a simple analytical solution for eigenmodes of
perturbations A in the form of Eq. (5.51) is perfectly transparent. It describes the evolution of
acoustic waves in the cosmological plasma long before the onset of hydrogen recombination.
As the derivation of Eq. (5.51) immediately assumed the smallness of the parameter R =
%(,ob /Py ), itis clear that the speed of sound in the baryon—photon gasis 1/ V/3 of the speed of
light in vacuum and that the corresponding perturbations evolve in the acoustic wave mode.
As the age of the Universe increases and its temperature decreases, the parameter R ~ a
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becomes gradually more and more important. This means that the speed of sound in the
medium changes with time — the factor that must be taken into account in analysing the
high-frequency approximation of temperature perturbations in the CMB. This approach can
be illustrated using as an example the set of equations (5.47) and limiting the analysis to the
‘crudest’ high-frequency approximation x >> 1. In this approximation Eq. (5.47a) yields

1
A+ 591 =0 (5.53)
and Eq. (5.47b) implies
o A (5.54)
""1+R ™ '

Substituting ®; from Eq. (5.53) into Eq. (5.54), we finally obtain

A" + (5.55)

A=
3(1+R)

We see that Eq. (5.55) describes acoustic waves in the baryon—photon gas; the wave velocity
is Cg = 1//3(1 + R) of the speed of light in vacuum. The baryonic matter enters equations
through the parameter R = f—‘(,ob /py), which increases as the process approaches the moment
of hydrogen recombination, z ~ 10°. We can evaluate this parameter assuming Q4> ~ 0.02,
Q, ~ 0.25, z;ee =~ 103, as follows:

35 Zeq

~ ~0.37, (5.56)
4 QX Zl'CC

where z¢q >~ 1.2 x 10*Q, h? is the redshift in the epoch when the densities of radiation and
hidden mass were equal.

We see from Eq. (5.56) that the effect of the baryonic component on the speed of sound at
the moment when the plasma becomes transparent is fairly strong (~40%).

Furthermore, this variation of the speed of sound results in variations of wavelength for
acoustic perturbations in the plasma; hence, at the onset of plasma transparency, the low- and
high-multipole parts of the spectrum are sensitive to acoustic modes with unequal wave-
lengths. However, one of the most important processes for the formation of primordial
anisotropy of the CMB is obviously the process of transparency onset in the course of recom-
bination of the cosmological hydrogen. In this period, which timewise constitutes a relatively
small fraction (~3%-10%) of the age of the Universe at the moment z = 10°, a sharp drop
in the concentration of free electrons destroys the connection between radiation and baryons;
after this, CMB quanta propagate freely from the surface of ‘last scattering’ (z = 10°) to
an observer whose position corresponds to z = 0. In fact, it is at the moment of hydrogen
recombination that the phase transition takes place in the radiation—baryonic matter system
and the elasticity of the medium drops sharply (by almost 4.5 orders of magnitude). We have
already discussed this situation in Chapter 4 in connection with the Sakharov oscillations
in the distribution of baryonic matter immediately after the plasma becomes transparent.
We remarked then that the Sakharov modulations of perturbation amplitude in the baryonic
component will be smoothed in models where the dark matter density sharply dominates
that of the baryonic fraction. However, they survive intact in the primordial electromagnetic
radiation, which takes the role of a unique probe of the properties of the cosmic plasma and
of the pregalactic inhomogeneity of the matter!



5.3 The Silk and Doppler effects 153

Figure 5.6 Spectrum of anisotropy generated by adiabatic perturbations in the ACDM
model. Different curves indicate different mechanisms of formation of the CMB anisotropy
and point to the ranges [ for which these mechanisms prove to be the most efficient. Arrows
indicate the direction of change in the appropriate scales as the values of the cosmological
parameters increase. Filled circles mark independence of scales from the corresponding
parameters. Adapted from Hu, Sugiyama and Silk (1996).

Figure 5.6 plots the qualitative dependence of the spectrum of primordial anisotropy of
the CMB as a function of multipole number, /, for different values of the parameters 2; =
(1 —Qp — Q0), R, Qh%, Quh?, where ©; denotes curvature, 2, is the density of the
vacuum, €2y is the density of the hidden mass tied up in the structural elements of matter
(galaxies and galaxies clusters) and €2}, is the density of baryons.

The parameters [z, leq, [ and Ip denote the ranges for the appropriate multipoles where
the effects of curvature and vacuum are significant (/5z), the Sachs—Wolfe effect (leq), the
acoustic Sakharov oscillations (/4), and dissipative damping and non-instantaneous onset
of transparency of the plasma for the electromagnetic radiation (Ip). Incidentally, there
is a relatively narrow stretch in the range ! < [, where the Doppler scattering of quanta
by electrons contributes significantly to the formation of C(/) as compared with the effect
of adiabatic clustering of radiation (the Silk effect; see Silk (1968)). If I > [, and [ ~ Ia,
the Silk effect is predominant and both effects (the Doppler effect and the Silk effect) are
observed jointly in a number of zones within the range ! > I5. As could be expected, the
C(I) spectrum generated by the Doppler mechanism is phase-shifted relative to the Silk
effect. This is the familiar phase shift between density and velocity perturbations in acoustic
waves.

As we see from Fig. 5.6, the anisotropy spectrum amplitude drops considerably beginning
with the multipoles [ > Ip. This effect is caused by dissipative processes influencing the
dynamics of evolution of perturbations in the baryon—photon gas. We will concentrate on the
details of this phenomenon in Section 5.3.1.



154 Primary anisotropy of the CMB

5.3.1 Dissipation of perturbations in the hydrogen recombination epoch

To analyse the CMB anisotropy spectrum in the limit / > /p, we turn to the set of
equations (5.42) that takes into account explicitly the anisotropy of the energy—momentum
tensor II;. Obviously, the electromagnetic radiation acts as one of the sources of this
anisotropy (Chibisov, 1972a,b; Hu and Sugiyama, 1995; Weinberg, 1972). Thus follow-
ing Hu and White (1996) we choose the following expression for estimating the anisotropic
part of the energy—momenum tensor:

8 (kY .,
m,=2 ()5t (5.57)

Here f, ~ 1 for non-polarized radiation (Chibisov, 1972a,b; Weinberg, 1972). Using
Eq. (5.57), which relates the hydrodynamic peculiar velocity of baryons and the 6; com-
ponents of perturbations, we can rewrite the expression for the temperature of the CMB in
the following form (see Eq. (5.42) and Hu and White (1996)):

Vo — 01 = —(t) 'R [Iwb — kW] — (z/) 2 R*w%6;. (5.58)

Our derivation of Eq. (5.58) used the high-frequency approximation for acoustic waves both
for the ®; and the A components (see Eq. (5.46)) in the form exp(i f w d&). Then Eqgs (5.42),
(5.57) and (5.58) yield a dispersion equation in the following form (Hu and White, 1996):
ik2(.’:/)71 R2
6 (14 R)?
As we see from Eqs (5.52), the imaginary part of the acoustic wave frequency describes the

damping of oscillations in the course of scattering of quanta by electrons, with the damping
decrement equal to (Hu and White, 1996)

(2L [ RHILTAER)
P "6 / v (+Ry

The decrement kp from Eq. (5.60) corresponds to the damping factor of the amplitude of
acoustic oscillations of the type exp(—k?/k3) that describes the diffusion-related attenuation
of acoustic waves. We need to underline the fact that the dissipative scale kp depends on
the ionization history of the cosmic plasma. Equation (5.60) shows that in the hydrogen
recombination epoch the degree of ionization? diminishes rapidly and the optical depth
relative to the Thomson scattering falls off rather steeply from T ~ 10-10? at the start of
recombination (z ~ 3 x 10%) to T < 1 at z < 800-900.

Formally, a decrease in the optical depth 7 is accompanied with a reduction in the rate of
change of 7/, and hence the characteristic diffusion scale Ap ~ kp ! grows sharply. Does this
mean that all peculiarities in the distribution of the CMB anisotropy on the surface of last
scattering will be smoothed to the scale of the acoustic horizon? The answer is obvious: no,
it does not, since the diffusion approximation itself is constrained by quite specific bounds
on applicability.

We already mentioned at the beginning of this subsection that the approximation of ‘strong
bonding’ between photons and electrons is valid only for waves whose wave vector modulus
satisfies the relation 7’/k > 1. Since t falls off sharply in the course of hydrogen recom-
bination, it is clear that for each k we can find a moment of time &, at which the diffusion
approximation becomes invalid (t//k =~ 1).

w = tkc +

30 +R)1} (5.59)
' . .

(5.60)

2 Note that the ionization history meant here is the standard one, ignoring the effects of reionization at small z.
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It is only natural that with this numerical computation approach the modes switch automat-
ically; there is no need to go into details of this process. However, in the case of an analytical
investigation of the situation, it is very useful to propose a simple algorithm to evaluate the
effect that offers the means for checking the predictions of numerical approaches and to
analyse in greater detail the dependence of the dissipation scale on the parameters of the
cosmological model. We therefore introduce a parameter Anec/Nrec = &rec that characterizes
the length of time required for the plasma to become transparent to the CMB at the time when
T(Nrec) = 1. The equation

Tk =1 (5.61)

determines, within an order of magnitude, the moment &.. at which the diffusion approxi-
mation becomes invalid, that is

A —1
ke ~ 7(0) (ﬁ) , (5.62)
Nk

where Ani/nx = t(x)/Nk. Equation (5.62) shows that the moment 7, is inversely propor-
tional to k. In the vicinity of the transparency onset, Ani/Nr ~ Nrec and T(Ng) ~ T(Nrec) ~ 1.
This means that 1 ~ k~'&,.!. We substitute this estimate of 7 into the upper limit of the
integral (5.60) to obtain

e d A
-2 ~ 7) ~ nrec _ nr
kD /0 7 k - grec ? . (563)
As we see from this estimate, the characteristic scale of dissipation of acoustic modes now

depends on k and the corresponding decrement D = k?/k3 is now a linear function of k
(Doroshkevich et al., 1978):

D(k) =~ k&recTrec- (5.64)

This means that for acoustic modes with k&.nrec < 1, the influence of dissipative pro-
cesses can be ignored while the modes with k&7 ~ 1 will first decay exponentially in &,
but will follow the laws of diffusion as k keeps growing. Quantitatively the decrement is an
explicit function of the length of the period of hydrogen recombination, Any.. Therefore,
any ‘delays’ in recombination that are accompanied by an increase in Any. should weaken
the high-multipole part of the spectrum, C(/). At the same time, any ‘delays’ in recombi-
nation will result in shifting .. to smaller z and will also shift the spectrum C(/) towards
smaller /. Consequently, an analysis of the CMB anisotropy spectrum helps to extract unique
information on the parameters of the cosmological model and on the ionization history of the
Universe that are based on the characteristic features of C(/). It may also provide answers to
the questions on the meaning of these features and with what accuracy the modern theory of
generation of primordial anisotropy can predict their numerical characteristics. Section 5.4
is devoted to answering these questions.

54 C(l) as a function of the parameters of the cosmological model

One of the most important predictions of today’s theory of generation of the CMB
anisotropy is based on the understanding that perturbations of density, velocity and metric
that evolve in the sound wave mode existed at the time of hydrogen recombination. The
CMB perturbation amplitude after recombination is modulated by acoustic modes before the
recombination phase, in exact accordance with the effect predicted by Sakharov (1965). One
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Figure 5.7 Anisotropy spectrum C(/) as a function of the parameter Q¢h? assuming

Qph? = 0.015. The curves correspond to the following values of the parameter Qyh>: solid
curve, 0.25 with 4 = 0.5; long-dash curve, 0.09 with 7 = 0.3; short-dash curve, 0.64 with
h = 0.8. Adapted from a figure by W. Hu, whose website may be found at
http://background.uchicago/edu/whu/metaanim.html.

of the most important characteristics of the CMB anisotropy is the AT spectrum in the space of
multipoles that was studied analytically in Hu and Sugiyama (1995), Jgrgensen et al. (1995),
Peebles (1980) and Starobinsky (1983), and numerically in Bond and Efstathiou (1984),
Silk and Wilson (1981), Vittorio and Silk (1984), Wilson and Silk (1981) and Zaldarriaga,
Seljak and Bertshinger (1998), amongest other papers. It is logical that when analysing
the dynamics of perturbations, one has to choose concrete parameters of the cosmological
model that serve as a scene on which plays out the evolution of small perturbations that lead
both to the formation of galaxies and to the anisotropy of the CMB. We will attempt here
to classify the main parameters of the cosmological model, evaluating the extent of their
influence on various perturbations; we follow the approach of Hu and Sugiyama (1995) (see
also Mukhanov (2003) and Weinberg (2001a,b)).

5.4.1  Dark matter density in galaxies and galaxy clusters
The role played by the dark matter density is characterized by the parameter Qg4 /2; it

makes itself felt mainly in the following three aspects. First, the density of dark matter dictated
directly the dynamics of expansion of the Universe during hydrogen recombination. Secondly,
the potential perturbations in dark matter interact with the electron—photon—baryon plasma
only through gravitation. Hence, they are not subject to damping in the process of plasma
becoming transparent for the primordial radiation and thus play the role of ‘generator’ of the
anisotropy. At the same time, they are responsible for the behaviour of the degree of ionization
of the plasma through their influencing the rate of expansion. Thirdly, by ‘surviving’ till today
they affect the current scale of particles’ horizons and determine the relation between spatial
dimensions of fluctuations at the moment of recombination and their current angular size.

Figure 5.7 plots the spectrum C(/) as a function of the multipole number / for a number
of values of the parameter 2y = Q4. The figure demonstrates that as the value of Qoh?
decreases, the amplitude of the first Sakharov peak (I ~ 200) increases and at the same time
its position undergoes a shift. The Harrison—Zeldovich spectrum of primordial adiabatic
perturbations was used to plot Fig. 5.9. The density of the baryonic fraction of matter was
not varied and is assumed equal to Qyh> = 0.015.
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Figure 5.8 C(l) as a function of the parameter £,4” assuming that Qo = 1 and h = 0.5.
The curves correspond to the following values of the parameter 2,42 solid curve, 0.025;
dotted curve, 0.0075; long-dash curve, 0.0025; short-dash curve, 0.015. Adapted from a
figure by W. Hu, whose website may be found at http://background.uchicago/edu/whu/
metaanim.html.

5.4.2  Density of the baryonic fraction of matter

The density of the baryonic fraction of matter is, along with that of dark matter,
one of the most important parameters of the thermal and ionization history of the cosmic
plasma. It also determines, although to a lesser degree (in view of the smallness of the
ratio 2,/ Qo ~ 107!) the dynamics of the expansion of the Universe, but it affects much
more strongly the kinetics of recombination and especially the amplitudes and positions of
the Sakharov peaks. To illustrate the dependence of the anisotropy spectrum C(I) on the
parameter Qph%, we plot in Fig. 5.8 the distribution of C(/) over multipoles in a flat-space
cosmological CDM model with adiabatic perturbations (the Harrison—Zeldovich spectrum).
We see in this figure that as the density of the baryonic fraction of matter decreases, the
spectrum C (/) undergoes considerable restructuring. The position of the first peak (I ~ 200)
is practically independent of the parameter 2,42, even though its amplitude changes signifi-
cantly. Other peaks with / > 200 both shift their positions and change their amplitudes. Note
also that as the parameter 2,4 decreases, the damping decrement of acoustic waves grows
sharply, which is accompanied by a faster fall-off of the spectrum in the range (>300-500).
Incidentally, the differences between C (/) amplitudes in the high-multipole part of the spec-
trum for different values of the parameter Q2,42 reach one to two orders of magnitude, and
sometimes higher. This part of the spectrum is thus an excellent indicator of the value of the
parameter Q,/°.

5.4.3  The cosmological constant

As we remarked at the very beginning of this book, attention to possible observa-
tional manifestations of the cosmological constant is stimulated not only by the current
observational data on the CMB anisotropy spectrum, but also in connection with cos-
mological SNIa supernovas. The effect of the vacuum energy density that reveals itself
in the cosmological constant in Einstein’s equations results in a corrected calculated age
of the Universe and, hence, a change in the angular dimension of the recombination
horizon.
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Figure 5.9 The anisotropy spectrum generated in a ACDM cosmological model C (/) as a
function of Q,h? assuming that Qh> = 0.25 and Q,h?> = 0.0125. The curves correspond
to the following values of the parameter €2, : solid curve, O for 2o = 1; long-dash curve, 0.9
for Q¢ = 0.1; short-dash curve, 0 for 2, = 0.1. Thin solid lines correspond to

Qg =1—Q, — Qy CDM models. Adapted from a figure by W. Hu, whose website may be
found at http://background.uchicago/edu/whu/metaanim.html.

In its turn, this leads to angular redistribution of the anisotropy power spectrum and, hence,
to redistribution in the space of multipoles /. This factor was pointed out in Hu and White
(1996), Kofman and Starobinsky (1985) and Zabotin and Naselsky (1982a,b).

Figure 5.9 plots C(/) as a function of / for a number of values of the parameter €2, . For
the sake of comparison, this figure also shows the distribution C(/) in an open model with
Qo = 0.1 and a flat-space model with 2, = 0 and 2y = 1. It is remarkable that the presence
of the cosmological constant firstly modifies the behaviour of the power spectrum for/ < 10.
We have discussed this effect in Section 5.1.

Secondly, it essentially modifies the position of the first Sakharov peak owing to the effect
of Q,, for instance in comparison with the standard CDM model or the open CDM model.

Thirdly, the general distribution of peaks over / is considerably shifted — as a result of
renormalization of angular scales and of the corresponding /. This shift is one of the most
significant factors that transform the spectrum C(/) in ACDM cosmological models.

5.4.4  The exponent of the spectrum of adiabatic perturbations
When analysing C (/) as a function of cosmological parameters in Sections 5.4.1—
5.4.3, we assumed that the spectrum of primordial adiabatic perturbations agrees with the
scale-invariant Harrison—Zeldovich spectrum.
Regarding matter density perturbations, this spectrum is characterized by the power
law Ps(k) ox k", with n = 1. Note that this form of the spectrum is predicted, to within
logarithmic factors, by the simplest inflation models (Linde, 1990), although the spectral
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Figure 5.10 C(/) as a function of the parameter n for the CDM model. Adapted from a
figure by W. Hu, whose website may be found at http://Background.uchicago/edu/whu/
metaanim.html.

exponent in more complex models may be a function of k, at least in a certain range of wave
vectors (see, for example, Ivanov et al. (1994) and Starobinsky (1992a,b)). Assuming that
n(k) hardly change in the range of Sakharov peaks on the spectrum C(/), we make use of the
data of Hu et al. (1997) in order to answer the question to what extent the anisotropy spectrum
C(1) is sensitive to the exponent n. Figure 5.10 plots the ratio C(I)(n)/C()(n = 1) in the
standard CDM cosmological model, which gives a qualitatively and quantitatively correct
representation of the trend of the process for any model. A change of slope in the spectrum
from n = 1 to n = 0.85 results in increasing the level of fluctuations on the large-scale seg-
ment (I < 10%) of the spectrum. Note from Fig. 5.10 that as n decreases, the power spectrum
in the zone of the first Sakharov peak increases, after which the power of C(/) decreases
systematically in the region of / > 200. The nature of this effect is obvious. The fall-off
in the spectrum’s exponent results in power concentration in the region of small / (large
spatial scales), which clearly weakens the high-multipole range of the spectrum. Obviously,
the behaviour of C(/)(n) at n > 1 should be the absolute opposite. Most of the power will
concentrate at high /, while the low-multipole segment of the spectrum will be weakened.

5.4.5  Isopotential (isocurvature) initial perturbations

The initial perturbations in matter, generated in the course of inflation, could in
principle be not of adiabatic but of isopotential type. Furthermore, it cannot be ruled out
that, along with ‘pure’ cases, mixed modes could also be formed in which, for instance,
an adiabatic mode could be mixed with an isopotential one. Let us turn to analysing the
difference in the spectra C(!) for the adiabatic and isopotential primordial inhomogeneity in
the Universe using the axion hidden mass as an example (Hu and White, 1996).
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Figure 5.11 A comparison of C(/) for adiabatic and isopotential (isocurvature)
perturbations. The curves correspond to the following models: solid curve, inflationary
CDM model; dashed curve, isopotential (isocurvature) perturbations. Adapted from White
and Hu (1996).

If the initial irregularity of matter on spatial scales covering galaxies and their clusters
up to r ~ 103 Mpc was of isopotential type, then the spectrum Cis (/) for this mode would
be radically different from the spectrum of an adiabatic irregularity (see Fig. 5.11). First,
the structure of the signal changes drastically. The first Sakharov peak, which is clearly
pronounced in C,(1), is almost totally smoothed out in the isopotential mode. Also, the first
maximum of Cjs (/) is found not at/ = 200 but at / >~ 300-350. Furthermore, all other peaks
are rigorously in antiphase with respect to the adiabatic mode.

5.4.6  Role played by massless neutrinos

The main effect of massless neutrinos reduces to shifting the moment of equilibration
of the hidden mass density and that of the CMB plus neutrinos towards smaller redshifts.
Since the neutrino density is proportional to the number of neutrino flavours N,, itis clear that
an increase in NV, must result in increased amplitude of C(/). The higher the value of N,, the
lower the redshifts in the epoch of equal densities of the non-relativistic and ultrarelativistic
matter and the higher are the amplitudes of the primordial fluctuations required for the
formation of structures by the time z = 0. This tendency is clearly pronounced in Fig. 5.12,
where two model spectra with N, = 2 and N, = 4 are plotted, especially in the region of
the first Sakharov peak. At the same time, massless neutrinos are a source of anisotropy of
the energy—momentum tensor by changing the structure of peaks in the high-multipole part
of the spectrum C(/). Figure 5.12 demonstrates that if we are interested in determining the
shape of the spectrum with accuracy ~5-10% or better, the role of this component in the
formation of C(/) becomes very significant.
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Figure 5.12 (a) Spectra C(!) for adiabatic perturbations for different flavours of massless
neutrinos. Solid curve corresponds to N, = 3. (b) Ratio of the spectra C(N,/C(N, = 3)) as
a function of / for N, = 4 (dashed curve) and N, = 2 (dotted curve). Adapted from Hu

et al. (1995a,b).

5.4.7  Massive neutrinos

We mentioned at the very beginning of this chapter the role played by the idea
of non-zero mass of the neutrino in shaping the current status of the theory of generation
of the CMB anisotropy. Unfortunately, the first (alas erroneous) estimates of the neutrino
mass are by now mere small print in physics history. There is an impression, nevertheless,
that the concept of massive neutrinos will gain its rightful place in modern cosmology, if
not now then in the near future. Our optimism is based on the observational data of the
flux of atmospheric neutrinos recorded at the Super-Kamiokande (Fukuda et al., 1998) and
MACRO (Ambrosio et al., 1998, 2001) detectors. According to these data, it seems to be
very probable that neutrino oscillations v,, <> v, first discussed by Bruno Pontekorvo, are
a reality. Two characteristics of v, and v, are of principal importance for describing the
effects of v, <> v; oscillations. First of all, we point to the mean-square shift in the masses of
these particles. The data of the above experiments for Am? yield very definite observational
constraints: 5 x 107%eV? < Am? < 6 x 1072 eV>. The second important characteristic is
the mixing angle, which is found to be close to 40—45° or, more precisely, sin® 26 > 0.82.
The experimental data of LSND (Athanassopoulos et al., 1998), Am? < 0.2 eV2, and solar
neutrino data (Bahcall, Kravtsov and Smirnov, 1998) confirm the conclusions. of the Super-
Kamiokande and MACRO collaborations. If we accept the hypothesis that all three flavours
of neutrino (the electron, muon and t neutrinos) are massive, then their effect on the dynamics
of expansion of the Universe in the hydrogen recombination epoch is found to be the same
as in the case of m, = 0, provided ), m,, < 1 eV.
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Figure 5.13 The spectra C(/) for a model with neutrino oscillations. (a) CDM + HDM
models; (b) ACHDM models. In (a) from the top to the bottom (at the first peak)

oy = 0.2, 0.3, 0.5; (b) shows the same as (a), but for the ACHDM models. (c), (d)
Likelihood dependence on og. Adapted from Popa et al. (2000).

Unfortunately, neutrino oscillations experiments place limits only on the squared difference
between the masses of different particles, and reveal practically nothing about the masses
themselves. We can conclude with a degree of caution that m? > Am? > 5 x 10~ eV? at
least for one flavour of neutrinos and hence that m,, > 2.2 x 1072eV. Clearly, these particles
did affect the acoustic horizon in the hydrogen recombination epoch by influencing the rate of
expansion of the Universe and thereby changed the position and amplitude of Sakharov peaks
in the C(/) spectrum. Figure 5.13 shows the results of calculations of the C(/) spectrum in a
model with massive neutrinos taken from Popa, Burigana and Mandolesi (2000). This figure
shows that the effect of massive neutrinos proves to be sufficiently strong after taking this
factor into account when processing experimental data in the search for the CMB anisotropy.
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Primordial polarization of the cosmic
microwave background

6.1 Introduction

The primordial density perturbations result not only in the variation of tempera-
ture of the primordial radiation background, but also in its polarization (Basko and Polnarev,
1979; Crittenden, Coulson and Turok, 1995; Hu, 2003; Hu and White, 1997a,b; Kaiser, 1983;
Kosowsky, 1999; Naselsky and Polnarev, 1987; Ng and Ng, 1995, 1996; Polnarev, 1985; Rees,
1968; Zaldarriaga, 2004, Zaldarriaga and Harari, 1995). Measurements of the CMB polariza-
tion make it possible to extract additional information, which helps in avoiding ambiguities
in reconstructing cosmological parameters from the observational data (see Readhead et al.
(2004)).

For instance, polarization is very sensitive to the presence of tensor perturbations (grav-
itational waves) and, as shown in Zaldarriaga and Harari (1995), deviations from zero of
the so-called pseudo-scalar or ‘magnetic’ component of polarization would be an irrefutable
indication of the presence of gravitational waves.

Let us consider the properties of the polarization field generated on the surface of the
last scattering of quanta by electrons. In the general case, we can introduce, for elliptically
polarized waves, an expansion of the electric field vector into two orthogonal components
(see Fig. 6.1) (Hu and White, 1997a,b). We denote them by E; and E., assuming that the
reference frame system has been chosen. We denote the corresponding components of the
vector E after a quantum is scattered by an electron by E? and Ef‘. The components before
the scattering, E; and E,, depend on time as follows:

E: = Eg sin(wt — €)),
6.1)
E, = Ef sin(wt — &),
where Eg is the wave amplitude, w is the wave frequency, and € and &, are the initial phases.
Starting with Eqgs (6.1), we introduce the characteristics of the radiation field known as the
Stokes parameters as follows:

= (EQ)" +(ED) = 1c + 1.,
QzEéé_EgrEIE_Irs
U = 2E Ey, cos(e; — &),
V = 2E Eo, sin(g; — &),

(6.2)

where |; and |, are the intensities of the £ and T components. The definitions in Eqs (6.2)
imply an obvious inequality, 1> > Q? + U? 4 V2. The question arises as to how the Stokes
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Figure 6.1 Scattering of a quantum by an electron, where 0 is the scattering angle. Adapted
from Hu and White (1997a,b).

parameters are transformed when the coordinate system is rotated by an angle «. By virtue of
definitions (6.2) the | and V components do not change in response to clockwise rotation of
the coordinate system by this angle while the Q and U components are transformed according
to the law that is defined as the effect produced by the rotation operator:

cosla  sin*a % sin2a¢ 0

E(a) _ s.in2 o 0952 o —% sin2a 0 (6.3)
—sin2a  sin2o cos2a O
0 0 0 1

on the vector | = (lg, 1:, U, V).

Let us consider how the Stokes parameters change after a scattering of a quantum by an
electron. In a single-collision event (see Fig. 6.1) the relation between the vector components
IS and I is given by

S =orRx I, (6.4)
where
cos’6 0 O 0
R é 0 1 0 0
2 0 0 cosf 0
0 0 0 cos 6

To analyse the changes in the Stokes parameters in the course of scattering of a quantum by an
electron, we choose the laboratory coordinate system as shown in Fig. 6.2. In this reference
frame, the Stokes vector after scattering is expressed via the pre-scattering components of the
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Figure 6.2 Polarization in laboratory reference frame. For notation of angles, see text.

Adapted from Melchiori and Vittorio (1996).

vector F(e’, ¢’) (Balbi et al., 2002; Hu and White, 1997a,b; Melchiori and Vittorio, 1996):

- 1 . -
16, ¢) = E/ [P©. 0.0, ¢)x 10, ¢)]d,
4

(6.5)

(6.62)

(6.6b)

(6.6¢)

(6.6d)

where
P=Qx [FSO(M, W)+ = WA = 2P, g, 1 @)+ P 0, 1, w/)],
1 000
~ 3]lo 100
Q= 210 0 2 o]’
000 2
20 — (A — W +p*u? w2 0 0
|50 _ § 'u/z 1 0 0
0 0o 0 0 |’
0 0 0 pp
4pup’ cos(p —¢’) 0 2usin(p — @) 0
51 3 0 0 0 0
- —2u'sin(p —¢’) 0 cos(p — ¢) 0
0 0 0 cos(p — ¢")
W *cos2(¢' —¢)  pPcos2(@’ — ) pPu'sin2(¢’ — @)
p2_ 3| —nPcos2(¢'—¢)  cos2p'—¢)  —u'sin2(¢’ —¢)
—u?usin2(p — @) psin2(p —¢')  pp' cos2(¢’ — @)

0 0 0

where . = cos6 and u' = cos’.

(6.6¢)
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We need to point out an important property of polarization, namely that it is generated
beginning only with quadrupole modes for | (', ¢) in Eq. (6.5). This is due to the prop-
erty of the polarization operator P for quantum scattering by electrons. Furthermore, it is
important to emphasize that the ‘last’ scattering does not in itself result in the generation
of polarization unless there were peculiar motions of plasma and perturbations of density
and gravitational potential in the epoch of hydrogen recombination: the primordially non-
polarized CMB radiation remains non-polarized after electromagnetic radiation separates
from electrons. However, the situation changes drastically in the presence of small fluctu-
ations of density, velocity and metric during the hydrogen recombination epoch. We have
already mentioned that weak anisotropy of the CMB is the source of formation of the angular
distribution of polarization whose properties depend directly on the characteristics of the
‘source’.

Following Peebles and Yu (1970) (see also Peebles (1980)) we introduce fluctuations of
Stokes parameters,

| I+

Q _ Py t) q

Ul 4n u ’ 6.7
\Y v

and make use of the kinetic Boltzmann equations to find the angular dependence of these
parameters. Solutions of these equations in general form were studied both analytically and
numerically in Peebles and Yu (1970) and later in Crittenden et al. (1995); those readers inter-
ested in details are referred to these original publications. The most important characteristic
of the CMB polarization is, as in the case of anisotropy, the power spectrum of fluctuations
arising in the space of multiples |. In contrast to the anisotropy power spectrum, the determi-
nation of the spectrum in the case of polarization requires the knowledge of certain details.
As we saw at the beginning of this section (see Eqs (6.2)), the Stokes parameters Q and U are
transformed into each other by rotating the reference frame by an angle « in the polarization

plane.
Following Crittenden et al. (1995), we find the correlation function of the Q component as'
<Q(L?(V2)> = A®) + B, ¢), 6.8)
T5
where
A) = B(cosH), (6.9)
1
B, ) = — Z(ZI + 1)Bj cos(4e) - R(cos®), (6.10)
4 5

C(HQ is the multipole spectrum of the Q component and By is the so-called spectrum of
the U Q correlations (Crittenden et al., 1995). Note that the spectra for the U component
and gravitational waves are found in a similar way. A new element of the theory arises
when we take into account the cross-correlation between anisotropy and polarization of
the primordial radiation. According to Crittenden et al. (1995) and Zaldarriaga and Seljak

! We give the expression for A() and B(6, ¢) in the approximation of small angles 6 and .
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Figure 6.3 The spectral distribution of anisotropy (above) and polarization (below) for
scalar and tensor modes. Adapted from Melchiori and Vittorio (1996).
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Figure 6.4 Cross-correlation function for anisotropy and polarization as a function of angle
6. Adapted from Melchiori and Vittorio (1996).

(1997), the corresponding cross-correlation function is given by the expression

<%§Q(m> = % Z(ZI + 1)CHT cos(2g)P*(cos 6), (6.11)
where P|2(cos 0) are associated Legendre polynomials.

Figure 6.3 gives the results of numerical simulation of anisotropy and polarization spec-
tra generated in the cosmological SCDM model by adiabatic perturbations of gravitational
waves. The parameters of the model were chosen as follows: 2, = 0.05; 2, = 0; Q¢ = 0.95;
ns = 1 (the Harrison—Zeldovich spectrum), h = 0.5 and the hydrogen recombination is stan-
dard. Note that purely tensor modes (gravitational waves) illustrate the tendency to modify
the structure of anisotropy and polarization spectra. As we see from comparing the polar-
ization spectra for adiabatic modes and gravitational waves, the latter generate extremely
small polarization. Figure 6.4 illustrates the behaviour of the cross-correlation function of
anisotropy and polarization in the adiabatic mode of perturbations as functions of the angle 6.
We see that appreciable correlations are found in the range 0.1-1° while there are practically
no correlations outside of this range.
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6.2 Electric and magnetic components of the polarization field

As we stressed in Section 6.1, the Stokes Q and U parameters are transformed into
each other, by virtue of the nature of the polarization field, by a rotation of the coordinate
system through an angle « in the plane perpendicular to the vector i pointing in the direction
of the arrival of quanta.

We introduce a simplification by assuming that the angular scale we investigate for polar-
ization is so small that the corresponding area of the sky can be regarded as flat. Under this
approximation the polarization field in the sky can be treated as a two-dimensional field in
the (X, ) plane. The photon polarization is described by a tensor of a;; of rank 2 in a plane
perpendicular to the trajectory of photons. The trace of this tensor is, by definition, zero,
which corresponds to zero polarization and can be included in the total radiation intensity.
It is convenient to express this term through the Pauli matrices o, « = 1, 2, 3, that form a
complete set of the 2 x 2 traceless matrix space:

a=£,04. 6.12)

The parameter &, equals the amplitude of circular polarization, which does not arise under
Thomson scattering. We assume therefore that £, = 0. In this case the matrix a is symmetrical
and formed by two functions:

_(Q VU
a_(u _Q). (6.13)

The functions Q and U depend on the coordinate system. They are components of the tensor
a&j and obey the corresponding rule of tensor transformation

a; = T*T/ay. (6.14)

where transformation coefficients are given by the formula X; = Tikxk. Thus a rotation of the
coordinate system gives

C S
T (_S C>, (6.15)

where C = cos ¢, S = sin ¢, and ¢ is the angle of rotation. The parameters Q and U transform
as follows:

Q' = Qcos 2¢ + U sin 2¢; U’ = —Qsin 2¢ + U cos 2¢. (6.16)

In many cases it is more convenient to work with invariant quantities or at least with vectors
whose directions are clearly recognizable on polarization maps. The following invariants (or
scalars, which are the same) exist that can be constructed of tensors of rank 2. The first invariant
is obviously the trace of the matrix: Tra = ) &;; it vanishes in the case we consider here.
The second invariant is the determinant of the matrix a,

deta= Q>+ U2 (6.17)

The maximum value of polarization is given by the expression / Q% 4+ U2. The direction of
maximum polarization is determined by one of the eigenvectors of the matrix &; (see Dolgov
etal. (1999)).

These are well known algebraic invariants that exist in the space of arbitrary dimensionality.
Using the vector differentiation operator we can construct two more invariants. We can choose
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them as follows:
S= 3i3jaij; P=skj8k8iaj, (6.18)

where j = 1,2 and 3; = 3/9x/. These invariants can be expressed in terms of Q and U as
follows:

S= (37 — 33)Q +28,0, U; P= (8] —35)U — 28,3, Q. (6.19)

The first scalar invariant exists in the space of any dimensionality while the second pseudo-
scalar exists only in two-dimensional space, owing to the presence of the antisymmetric
pseudotensor & (a similar antisymmetric tensor in D-dimensional space has D indices).
The values taken by S and P coincide up to a scalar factor with the corresponding val-
ues E and B introduced in Seljak (1996a,b) and Zaldarriaga and Seljak (1997). This E
is, to use the terminology of those authors, an analogue of the electric field component of
the electromagnetic wave, and B is, correspondingly, an analogue of the magnetic com-
ponent. From our standpoint, it would be more natural to denote them by S and P in
order to emphasize their scalar and pseudo-scalar nature, rather than the electric and mag-
netic parts of polarization, since these quantities have no relation to vectors. Therefore
we use the terminology from Stebbins (1996) (see also Kamionkowski, Kosowsky and
Stebbins (1997a,b)).

An important property of the pseudo-scalar P is that it vanishes if polarization is caused
only by scalar density perturbations. In this case the Stokes matrix can be expressed in terms
of derivatives of one scalar function:

aij = (20i0) — & j okok) . (6.20)

It can be readily confirmed that in this case P is indeed zero. We do not share the opinion
and terminology chosen in Kamionkowski and Kosowsky (1998), where it is stated that the
corresponding field has zero vorticity. It was pointed out in Dolgov et al. (1999) that this
is not so, and that in the general case the eigenvectors of the Stokes matrix are not of zero
vorticity. The correctness of this general attitude may be tested in simple situations. This
means, among other things, that the flux of maximum polarization direction lines may have
non-zero vorticity.

If tensor perturbations (gravitational waves) are present, then the polarization matrix has
a general form determined by two independent functions. It is well known that an arbitrary
three-dimensional vector can be written in terms of scalar and vector potentials:

V= grad @ + curl A. (6.21)

In the case of two dimensions, an arbitrary vector can be defined via derivatives of a scalar
and a pseudo-scalar:

Vj =09 P + &jkdkPs. (6.22)

In direct analogy to this, an arbitrary traceless symmetric 2 x 2 matrix can be expressed
through scalar and pseudo-scalar potentials:

aj = (28i dj — 8ij32)\11 + (Sikakaj + Ejkakai)q). (6.23)

Now the scalar P described by Eq. (6.18) does not vanish, and this property makes it possible
to study possible tensor perturbations by measuring CMB polarization. If ¥ = 0 then the
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Figure 6.5 The spectra of the E component of polarization in a CDM model (thick solid

curve), ACDM (thin solid curve) and ACDM with 2, = 0.02 (dashed curve). For the
parameters of the models, see text. Adapted from Melchiori and Vittorio (1996).

scalar S vanishes. Unfortunately, this does not signify that tensor perturbations dominate:
they contribute both to ® and to W.

Let us ask ourselves how high is the sensitivity of the E component of polarization field to
the parameters of the cosmological model and type of primordial perturbations that generate
both the anisotropy and polarization of the primordial radiation. We have already seen in
Chapter 5, devoted to analyzing the CMB anisotropy, that for C(l) the dependence on the
factors listed above is quite well pronounced. This conclusion is also applicable fully to the
polarization field, for which Fig. 6.5 plots the spectra for the E component of polarization
generated by adiabatic perturbations in the SCDM model (2, = 0.05; Qo = 0.95;h = 0.5),
in a ACDM model (2, = 0.05; Qqm = 0.3; Q, = 0.65; h = 0.5) and in the CDM model
with low baryonic fraction density (24, = 0.2), but with , = 0.98 so that Q2 = 1. As we
see from this figure, the polarization spectrum is found to be very sensitive to the choice of
parameters of the cosmological model.

6.3 Local and non-local descriptions of polarization

Establishing which of the components of the polarization field would be easier to
measure — the local or the global (averaged over a certain area of the sky) — would be an
interesting observational problem.

We believe that a solution would strongly depend on the properties of noise. For instance,
if the noise of the polarization field in measurements of the CMB originates from randomly
distributed pointlike sources with average separation on the sky greater than the antenna
resolution, the less labour-consuming (and hence less difficult) would be the measurements
of local quantities; that is, direct measurements of Sand P using Eq. (6.18). However, it may
be the case that it is easier to suppress sources of noise than to measure quantities averaged
over that part of the sky. To go into details, we introduce expressions for averaged values of
Sand P (or E and B) (Seljak and Zaldarriaga, 1998). First we find the Fourier transforms of
the fields Q and U, as follows:

&) = / ye 7 Q) dy? 6.24)
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and similarly for U. The Fourier transforms for the scalar and pseudo-scalar fields can be
written as follows (¢ is the polar angle in the Fourier space of coordinates |):

S = N@1?) / e 1Y [Q(T) cos 201 + U(F) sin2¢ ] &y,
_ ) (6.25)
Pu) = N@1?) / e 1Y [U() cos2¢ — Q(Y) sin2¢ ] d?y.

The scalar function N(I?) is arbitrary; it conserves the scalar and pseudo-scalar properties
of Sand P. So that Egs (6.25) and (6.18) are equivalent, we choose the function N(l) in
the form N(12) = |2. The definition used in Seljak and Zaldarriaga (1998) corresponds to
choosing N(I?) = 1. This means that non-locality is introduced into the coordinate space
by the inverse Laplace operator 1/92, that is, by the Green’s function for the Laplacian. To
obtain the functions Sy and Py we apply the inverse Fourier transform:

@l

SNX) = an )

N@?) / TE9 [Q(F) cos 201 + U () sin2¢] Py,
(6.26)

> d2| il (X—Vy oy . -
Pn(X) = / (zﬂ)sz% / ! Y [—Q(Y) sin2g + U(Y) cos2¢] d%y.

where ¢ is the angle between the vector 'and a certain fixed direction which is conveniently
assumed to be the direction of the vector X, that is, ¢, = @.

Now we can carry out complete integration over all directions of the vector . To simplify
notation, we introduce the vector

p=%X—-Y (6.27)
and three angles, ¢ip, ¢px and @y between the directions p, X and Y. Obviously,
Do + Ppx + Oxl = 0. (628)

The integral over angular variables reduces to

2
/ ellP cos (Acos2¢y, + Bsin2g,) dg,, (6.29)
0

where the functions A and B are independent of ¢|p. The second term vanishes and the first
yields

2
/ el cos 21, dgr, = =21 & (Ip) (6.30)
0

where J,(2) is the Bessel function (see Gradstein and Ryzhik (1994)).
Integration over | depends on the type of the function N(I2), and the result of this integration
is a function of the modulus of the vector p:

[e.¢]
/ IN(I%J, (p)dl = Fy (p). (6.31)
0

In a particular case of N(I2) = 1 chosen in Seljak and Zaldarriaga (1998) the integral can be
taken in the following manner. Formally it diverges and a regularization procedure is required.
This can be achieved by adding a small imaginary part to | in order to ensure convergence (in
other words, we need to shift the integration contour to the upper half of the | plane). Using
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the relation

z2h(2) = J(2) — 2J{(2) (6.32)
and integrating by parts, we obtain
1 [ 1 o0 o 2
Fi(p) = — z2h(2)dz = — 12 Ji(@ -2y dz| = — (6.33)
P~ Jo P 0 P

and finally, gathering together all contributions, we obtain

2

R 1 [ . S oy .
S“(X):E/O pFN<p>dp/0 [Q (X — 5) cos2¢ + U (% — ) sin2g] dg,

1 [} 2 . R
Pn(X) = 5/0 pFN(p)d,o/0 [-Q (X — p)sin2¢ + U (X — 5) cos 2¢] dp.
(6.34)

In the particular case of Fy(p) = Fi(p) = 2/p? chosen in Seljak and Zaldarriaga (1998)
we arrive at almost the same result as in this reference but with one difference: we see no
reason to consider the window-function F;(p) = 2/p? equal to zero at p = 0. In any case
this is a measure-zero difference and does not affect the value of the integral in Eq. (7.23).
Therefore we can ignore the difference. We are of the opinion that the conclusion made in
Seljak and Zaldarriaga (1998) is more significant; it states that in order to avoid a difficult
(or even impossible) integration of data over the entire sky, we can use a modified smoothing
function

2 14
F (o) = —a0) + /0 a0 do, 635)

where the function g(p) obeys the condition

/ pd(p) dp =0, (6.36)

and where the last integral is taken over the entire sky.

We believe that any smoothing function can be used legitimately and that no additional
conditions must be imposed that would constrain its structure. In order to demonstrate this,
we calculate the functions Sy(X) and Py (X) for a particular case of scalar perturbations when
a Stokes matrix is given by Eq. (6.9). The calculation of derivatives in polar coordinates is
simple, and after straightforward algebraic manipulations we obtain

- L[ " (g ey BB
S(X) = . /(; oW(p) dp/() <lyp,p (X - /0) - T) dey,

s - I, (6.37)
. 1 [ (2w, (X —p 2W, (X —
PN(X)Zz_/ pW(p)dp/ < veX=5) _ “’(2 p)>d<p,
7T Jo 0 P o

where the lower indices p or ¢ denote differentiation over the corresponding variable and
W(p) is an arbitrary smoothing function. The second expression in Eqs (6.26) shows that
P does indeed vanish for any smoothing function. Therefore, in order to prove the absence
of tensor perturbations, one needs either to make sure that the local value of P(X) given by
Eq. (6.8) does vanish, or that the non-local quantity yielded by Eqs (6.26), with an arbitrary
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function W(p), does vanish. It depends on the properties of noise which of the methods
proves more efficient.

6.4 Geometric representation of the polarization field

To study the properties of the CMB polarization field, and in particular the distri-
bution of this polarization over the celestial sphere, it is necessary to develop a technique
(or techniques) of its visualization (mapping). Mapping causes no difficulties for anisotropy
distribution because the values of AT (0, ¢) on the sphere are characterized by a scalar
function and are radially visualized using a linear or colour scale that puts a value of AT in
correspondence with a certain colour. This method obviously fails for the CBM polarization as
itis definitely not a linear function. Moreover, it is clear that several methods can be suggested
that would represent the fundamental properties of a polarized signal. For instance, to map
the polarization field, Bond and Efstathiou (1987) used the ‘vector’ IS(G, @) whose length | l3|
equals | |5| = P = /Q? + U? and whose direction is given by the condition tan 2¢ = U/Q.
Zaldarriaga and Seljak (1997) used the maps E(6, ¢) and B(6, ¢) of the components of the
polarization fields.

Dolgov et al. (1999) suggested using a ‘vector’ field A, corresponding to eigenvectors of
the Stokes matrix for visualizing the peculiarities of the polarization field. Note that any
transformation of the quantities Q and U can (and must) reflect specifics of their distribu-
tion on the celestial sphere. Since the magnitude of the polarization vector P = {/Q? + U2
is invariant under rotations of the polarization plane, its properties will inevitably affect
any transformation of the type E(O, ¢). Particular interest is connected with the field struc-
ture in the neighbourhood of the so-called singularities of the polarization field at which
P =0 by virtue of the vanishing of the Q and U components at the same point of
space.

Of course, the measurement of the CMB polarization in the neighbourhood of points where
polarization vanishes is an extremely difficult observational problem. However, there is no
need to approach Q* + U? = 0 very closely. The type of singularity can be identified from a
visualization of the flux line pattern in the region where polarization has not yet completely
vanished.

An analysis of singularities of such fields is given in Dolgov €t al. (1999) and Naselsky
and Novikov (1998). Dolgov et al. (1999) discovered that the types of singularities are not
described by the familiar classification of singularities of vector fields in the standard theory
of dynamic systems. Because of the non-analytical behaviour of vectors in the neighbourhood
of zero points Q% + U? = 0, the separatrixes terminate at a singularity, while in the ordinary
case they continue smoothly through these points. This unusual behaviour is clearly traceable
on polarization maps computed in Seljak and Zaldarriaga (1997, 1998). Following Naselsky
and Novikov (1998) and Dolgov et al. (1999), we consider the problem of singularities of
the polarization field in more detail. We will use the eigenvectors of the Stokes matrix found
in Dolgov et al. (1999) as characteristics of the angular distribution of polarization on the
celestial sphere.

The eigenvectors of the matrix (6.13) are expressed in terms of the Stokes parameters Q
and U as follows:

ﬁ+N{U1)"_Q}’

6.38
A~ ~{=U,A+ Q}, (638)



174 Primordial polarization of the CMB

where A = /Q? + U2 is the eigenvalue and ii* correspond to the positive and negative
eigenvalues +. The vector A is parallel to the direction of polarization maximum, while
the vector A~ points along the polarization minimum. This is also evident in the base of
eigenvectors that diagonalizes the polarization matrix, a =diag(X, —A). The total intensity
of light polarized along A is given by I+ = |y & A. Consequently, the intensity along the
direction ™ is found to be higher than that along the direction of i~.

To avoid ambiguity, we choose to consider the field of directions of the vector Ai™ and the
singular points of this field. We are looking at the problem of singular points of the vector
field in the case when the direction of the components [X(t), y(t)] of this two-dimensional
vector field obeys the following equation:

dy  Fi(x,y)

dx  Fax,y)

(6.39)

Singularities may arise when both functions F; »(X, ¥) vanish. In this case the condition of
unicity of the solution of the differential equation is not met, and more than one integral
curve can be traced through the same point. The standard theory is valid when the functions
F12(X, y) are analytical in the neighbourhood of the zeros, and the first order of the Taylor
expansion for them has the form

Fj = aj(x — xo) + bj(y — yo). (6.40)

In this situation there exist three types of singularities: nodes, saddles and foci (see Bronshtein
and Semendyaev (1955)). The separatrixes of these solutions are three intersecting lines that
degenerate to straight lines in the linear approximation. However, in the case of the vector
polarization field, the main equations change to
+
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dx ny¥ U
As before, the singular points may arise if both the numerator and the denominator vanish.
This is equivalent to the condition Q = U = 0. The main difference from the standard case
is that the numerator is not analytical in the vicinity of zero. This fact leads to a very different
behaviour of the integral curves close to such points. In this case the standard theory does not
work. In what follows we investigate the structure of solutions in the neighbourhood of these
points directly. Assume now that the functions Q and U are analytical close to Q =U =0
and can be described by the equations

QX+ Y, U>uix+uwy. (6.42)

For brevity we assume that Q and U vanish for X = y = 0. For convenience we introduce
new coordinates:

§ =X+ qy; n=UuX+Uy. (6.43)

Since a transformation of these coordinates consists of rotation and a change of scale, the type
of singularities remains unchanged. We introduce polar coordinates on a plane as follows:

& =rcosg; n=rsing. (6.44)
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In these coordinates, Eq. (6.41) becomes

dinr N _ qt’ +(q —2u)t® — (@ +2updt — qy (6.45)
dp D Ut + (U +20)t2 + g — Ut — Uy’ )
where t = tan(¢/2).
In the general case, the denominator D has three roots tj, j =1,2,3. With no loss of

generality we can assume that U, = 1, so that these roots meet the following conditions:

tibty =u;, tbh+bts+tt; =20, —1, ti+bL+1t3=—U +20). (6.46)

The integration of Eq. (6.45) is simplified if we expand the right-hand side into elementary
factors,

dinr >, B
=q+ : (6.47)
de ; t—1t

where we immediately see that none of the indices Dj = N(tj)/(t; — t)(tjt) in j, K, | is
equal to another. It can be easily confirmed that

(1 +tt)(1+ 1)’
2t — )t —t3)
The remaining parameters B, and B; are found by using the cyclic permutation of indices in

Eq. (6.48). Since dInr /dg = (dInr /dt)(1 + t?)/2, the equation can finally be rewritten in
the form

| = (6.48)

dinr 2 2. B
= _ , 6.49
dt l+t2(ql+Xj:t—tj) (649)
and this makes integration a simple operation. The corresponding solution has the form
3
r=ro(l +t) ]t =)™, (6.50)
]

where I is an arbitrary constant and v; (the power-law exponents) are given by
L+t

vj (6.51)

with constants Bj obtained from Eq. (6.48). It is not difficult to confirm that the v;j satisfy
the conditions
3

S vy =1, (6.52)

|
3 1 3 3
Zv,»tj -3 (Zt,-JrHt,») =q, (6.53)
] J J

li[ L (1+)(1+8)0 + 1)
T8 — )2t — t)2(t — )2

(1 + tito)(1 + bty + taty). (6.54)
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(a) (b)

Figure 6.6 Line flux for three different types of singularity: (a) saddles, (b) beaks and (c)
comets. Dashed curves correspond to singular solutions (separatrixes). Adapted from
Dolgov et al. (1999).

The last three factors in Eq. (6.54) are proportional to the determinant D = q;u; — QU;, and
(1 + ti)(1 + tts)(1 + t3t) = 20Uz — U p)/u3 = 2d/u3. (6.55)

If all roots t; are real, then the sign of the product ]_[? vj coincides with that of the determinant
D. However, if one of the roots t; is real while the other two are complex conjugate, then the
determinant and the product have opposite signs.

Now we can start to classify the points of singularity. Following Dolgov et al. (1999) we
first consider the case of three real roots tj. The behaviour of the solutions is dictated by
the signs of the power-law exponents vj. As follows from Eq. (6.52), at least one of these
exponents must be negative. In order to find which other sign combinations are possible, we
assume (without loss of generality) that

t1 > tz > t3. (656)
In this case the following relations hold:

sign[vi] = sign[—(1 + t2t3)] ,
sign[v,] = sign [(1 + t;t3)], (6.57)
sign[vs3] = sign [—(1 + t;tp)] .

Therefore, if t; > 0 then the following signs arise for vj: (—, +, —). If t <O and t, > O,
then v3 < 0 and one or both of v; and v, are negative. They cannot both be positive because
if (1 + t;t3) > O then at the same time (1 + tt3) > 0 and v; < 0. The situation is similar in
the case of t; > 0 and t; < 0, in which case the sign sequence (—, +, +) is impossible. If
all t; < 0, the sign sequence becomes (—, —, +). Therefore only two combinations of signs
are allowed for v;: these are (—, —, —) and (—, —, +). The former combination is realized
in the case d < 0 in correspondence with Egs (6.54) and (6.55). If, however, the determinant
is positive then the sign combination for vj is (—, —, +).

If d < 0, the solution does not pass through zero in the neighbourhood of the point of
singularity, and its behaviour resembles the behaviour of a conventional saddle point; the only
difference is that in this case we have three linear asymptotes, not four as in the conventional
case (see Fig. 6.6(a)). Following Dolgov et al. (1999), we also refer to these points as ‘saddle’
points.
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!

Figure 6.7 Transformation of the flux lines of the ‘vector’ V near the beak (upper panel)
and the comet (lower panel) singularities of A" plotted in Figs 6.6(b) and (c), respectively.
The maps from left to right correspond to rotation by 45 and 90°, respectively, with respect
to the first one. Adapted from Dolgov et al. (1999).

U
/i

The fact that in our case, in contrast to ordinary singularities, the separatrixes do not pass
through points of singularity corresponds to a non-analytical behaviour of Eq. (6.41) by
virtue of the square root. If d > 0, the sign combination becomes (—, —, +) and the solution
vanishes along one of the directions while it tends to infinity along the other two. The form
of the solution greatly differs from the standard one. The field lines cannot be continuous
from ¢ = @) to ¢ = ¢; + 7w, which is possible in the ordinary case. We refer to this type of
singularity as a ‘beak’ (see Fig. 6.6(b)). If only one of the roots tj is real and the other two
are complex conjugate, the solution has the form

.
o= t+ 1) [t =t R exp @B Imwy) (t — t)™, (6.58)
0

where 8 = tan~'[Jt,/(t — Rt,)]. The real root is negative, v; < 0, as we see from Eq. (6.58),
and therefore r does not vanish in the neighbourhood of this singularity. The flux of lines
of the polarization field is shown for this case in Fig. 6.6(c). This type of singularity can be
referred to as a ‘comet’. This situation occurs for d > 0.

Note that the first classification of singular points of the CMB polarization map was
performed by Naselsky and Novikov (1998), in which the equation dy/dx = Q/U was
used to describe the behaviour of flux lines of the ‘vector’ V = [U, Q]. However, under a
coordinate transformation (for example, rotation) U and Q are not transformed as components
of a vector. For a detailed comparison of the two methods, see Dolgov et al. (1999). Here
we would like to note that, in accordance with the standard classification, there can be three
possible types of singular points of the ‘vector’ V in a fixed reference frame: knots, foci and
saddles (see Figs 6.6 and 6.7).

The probability of realization of the various types of singularity was calculated in the
following manner. Obviously, the probability of a ‘saddle’ point forming is 50%, since the
saddle arises only for d < 0. The probability that ‘comets’ and ‘beaks’ arise was calculated
numerically provided d > 0 and there is one real root of the equation D = 0 (for comets) or
three real roots for beaks. Here D is the denominator in Eq. (6.45) (see Dolgov et al. (1999)).
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The probabilities of the formation of saddles, beaks and comets with randomly chosen qp,
b, U; and U, equal Wy = 0.5, W, >~ 0.116 and W, =~ 0.384, respectively.

We can also evaluate the density of singularities on the map (see Bond and Efstathiou
(1987) and Naselsky and Novikov (1998)). All points of singularity arise when Q = 0 and
U = 0. The density of these points is proportional to

dQdU = |d|dxdy (6.59)

and therefore the density is defined in terms of the mean values of the determinantd = ¢ u;, +
0pU;. It can be shown that saddles are responsible for 50% of all singularities (ns) = 0.5n,
where n is the concentration of all singular points (Dolgov et al., 1999). The calculation of
the concentration of beaks and comets is more complicated and is necessarily numerical.
According to our estimates, the surface densities of beaks and comets are given by (n,) =~
0.052n and (ny) =~ 0.448n, respectively. Deviations from this and the above-found values for
W, . may indicate that perturbations deviate from the Gaussian type.

Such deviations can be caused by various factors. For instance, this could be the presence on
CMB polarization maps of various types of noise due to the synchrotron radiation of galaxies,
the background of discrete sources, etc. An important disturbing factor for the primordial
signal is also the noise of receiver electronics, which is inevitable in all observational data. All
these sources distorted the general properties of the polarization field in the neighbourhood
of the singularity points where the Q and U components vanish. At first glance, the situation
corresponding to the study of the properties of the signal in the zones surrounding such
peculiar points looks extremely unpromising. Indeed, the Q and U components are formally
arealization of a random Gaussian process (with a natural assumption that the perturbations
we seek are also Gaussian), and therefore the behaviour of the fields Q and U in the vicinity
of the points Q = 0, U = 0is also random. Furthermore, the local properties of the field must
be measured at high angular resolution, which is quite a difficult task in most experiments.
At the same time, we need to note that a point that plays an important part in analysing the
properties of the polarization field is that the characteristic correlation scale of both the Q
and U components, 6, is close to 10—15 minutes of arc for the most realistic cosmological
models. This means that the zones of peculiarity around the points Q = 0, U = 0 will have
practically the same characteristic size, to within an order of magnitude. If this is true, any
noise, for instance the measurement electronics noise with correlation scale below 0., will
result in distortion (destruction) of field behaviour in the neighbourhood of the singularity
points; that is it will reduce their concentration and change the signal structure within that
neighbourhood. Consequently, owing to the random nature of this noise, this manifestation
can be identified. We will take up this aspect in detail in the following chapter.
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Statistical properties of random fields of
anisotropy and polarization in the CMB

7.1 Introduction

In this chapter we concentrate on testing the statistical properties of anisotropy and
polarization fields generated by primary perturbations of density, velocity and gravitational
potential in the hydrogen recombination epoch. The main working hypothesis on which both
the modern theory of structure formation in the Universe and the theory of generation of
primordial anisotropy and polarization are based is the assumption of the random nature of
the distribution of values of amplitude and phase of the primordial perturbations.

We need to emphasize that the idea of the random nature of primordial perturbations was
introduced into cosmology long before it was ultimately explained in terms of inflationary
models. In a certain sense, this idea reflects the fact that the distribution of matter in the
Universe on spatial scales exceeding 10> Mpc is on average uniform and isotropic. If the
formation of structures in different parts of the Universe separated by distances greater than
10?-10° Mpc occurred independently of one another, it is then only natural to assume that
the primordial distributions of the density, velocity and gravitational potential perturbations
were once equally independent. Moreover, we know that non-linear in amplitude perturbations
of density resulting from condensation of matter on smaller scales also evolved from small
fluctuations. If there is no primordially favoured separation line between the scales of galaxies
and clusters on the one hand, and the scale of uniformity in the Universe on the other, then
it is natural to assume that primordial perturbations had a random distribution of amplitudes
and phases and amplitudes on the entire scale of spatial scales.

The randomness of the spatial distribution of perturbations — provided they are small — is
automatically transferred to the Fourier amplitudes. In the simplest case, two more assump-
tions remain: the form of the distribution function of Fourier amplitudes, which is assumed
to be Gaussian, and the equidistribution of metric perturbation amplitudes over the values
of the wave vector. After this we arrive at the scale-invariant Harrison—Zeldovich spectrum,
which is well known in cosmology and widely used to process observational data on the CMB
anisotropy. It is the Harrison—Zeldovich spectrum that corresponds to the spectrum of primor-
dial metric perturbations that are, according to most theories of inflationary expansion of the
early Universe, a consequence of quantum fluctuations of the vacuum of physical fields (see,
for example, Linde (1990)). Nevertheless, we should mention that the progress in inflation
models and, among other things, the inclusion of several fields that model more complicated
properties of the vacuum led to the prediction of, along with the possibility of generation of
primary Gaussian metric perturbations, more complicated non-Gaussian statistical properties
of fluctuations. By virtue of the linear relation between the perturbations of metric, veloc-
ity and plasma density during the hydrogen recombination epoch, the statistical properties
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of the CMB anisotropy and polarization distributions on the sky is in complete agreement
with the statistics of primordial perturbations. Therefore, by analysing these specifics of the
CMB anisotropy and polarization, we analyse also the properties of inflationary models that
describe the birth of the Universe.

Note that along with this fundamental problem there exist a number of important ‘applica-
tions’ problems that require a knowledge of the characteristics of distribution of anisotropy
and polarization on the celestial sphere. We again stress the dependence of multiple anisotropy
and polarization spectra on the most important cosmological parameters that are discussed
in detail in this chapter. However, Gaussian random processes are the only ones for which
the knowledge of all spectral parameters completely determines all statistical properties. For
non-Gaussian statistics the situation is more complicated (see, for example, Coles and Barrow
(1987)). We remind the reader that observations of the CMB anisotropy and polarization are
inevitably made in the presence of a number of non-Gaussian sources of radio background.

For instance, the radiation of our Galaxy is clearly visible on CMB anisotropy maps
obtained by the COBE mission. Non-Gaussian signals that manifest themselves as additional
sources of noise against the background of the useful signal include radio emission of active
galactic nuclei, pulsars, dust and hot gas clouds, and synchrotron radiation. Therefore, it is
most important to subtract the contributions of these components from the primary signal;
knowledge of the statistical nature of the primordial anisotropy and the polarization of the
CMB is crucial in solving this problem. Moreover, an insufficient or incorrect account of the
factors listed above results in a false structure of anisotropy and polarization power spectra
and hence in erroneous determination of parameters of the cosmological model. Finally, the
non-Gaussian character of the observed signal of anisotropy and polarization may ‘arise’
during the experiment as a result of specific properties of the antenna of the radio telescope,
of the strategy of observations, insufficient accuracy of establishing the directivity of the
antenna, delays in bolometer response, etc.

All these ‘instrument’ factors require detailed analysis focused on a single goal: the min-
imization of the level of systematic errors introduced by the experiment into the structure
and amplitude of the signal. The study of these specifics is inseparable from studying the
characteristics of the primordial signal itself — they are the features that are distorted in the
course of the experiment.

The list of problems arising in connection with studying the statistical nature of anisotropy
and polarization signals can be continued almost ad infinitum, but even the examples given
above are sufficient to illustrate the importance and urgency of this type of work. This chapter
concentrates on analysing the most important results obtained by modern cosmology since the
1980s of theoretical and experimental studies of statistical properties of the CMB anisotropy
and polarization. Several new statistical methods for the study of the CMB anisotropy will
be described in chapter 8 in connection with the analysis of the WMAP observational
data.

7.2 Spectral parameters of the Gaussian anisotropy field

In this section we introduce the main characteristics of the random Gaussian field of
anisotropy, leaving the statistical properties of the polarization field to the subsequent sections
of this chapter. Our analysis is based on the generalization of Rice’s idea (Rice, 1944, 1945)
of describing the properties of one-dimensional noise to three-dimensional noise (developed
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in Bardeen et al. (1986)) and to two-dimensional Gaussian fields (developed in Bond and
Efstathiou (1987)).

To facilitate the reading of this section, we begin with a summary of the main definitions
and properties of Gaussian statistics of the CMB anisotropy that we used in part earlier.
Following Bond and Efstathiou (1987), we consider the temperature distribution of the CMB
radiation of the celestial sphere. Let us assume that this field is a random, two-dimensional
Gaussian field on a sphere. This field is completely described by the power spectrum C(1).
Using this description, we can choose the familiar expression for the CMB temperature,

00 ]
T@) = (T@) +Y_. > a'cl)¥"@. (7.1)
=1 m=—I

where ¢ is a unit vector tangential to the direction of propagation of photons, a;" are inde-
pendent random Gaussian numbers, (T(q)) is the mean temperature of the CMB radiation
such that (T(q)) = (1/4m) f T(q) dS2, and Y/" are spherical harmonics. We introduce the
following expression for the CMB anisotropy: AT(q) = (T(q) — (T(§)))/{T(g)). The two-
point correlation function, C (@), can be found by averaging T(g) x T(g’) over the entire sky,
provided the angle between the directions g and ¢’ remains constant:

Cons(0) = (AT(q) - AT(q), §-q' = cosb. (1.2)

Taking into account Eq. (7.2) and also the equality (a;"al'f") = 8y Smm'» WE Obtain

Com(0) = o Z Z af')*C(1)P(cos 6). (7.3)

=2 m=—I

The mean value of the observational correlation function is given by
R 1 &
CO) = Cops(0) = — Z(Zl + 1)C()Pi(cosO) . (7.4)
4r =

Along with an analysis of properties of the AT signal on the celestial sphere, a crucial factor
in studying the CMB anisotropy is the so-called ‘flat-sky’ approximation, in which a small
area of the sphere is considered to be flat. This approximation makes it possible to apply the
Fourier analysis technique on the plane, which greatly simplifies the mathematical aspect of
the problem. However, the flat-sky approximation introduces certain errors into the statistical
characteristics of the signal which must be taken into account, even if there is no external
noise.

Following Abbott and Wise (1984), we will consider the effect of the final size of an area of
the sky on the properties of the correlation function under observation. We take into account
that this correlation function deviates from its mean value over the ensemble approximately
by the value of variance, due to the ‘cosmic variance’:!

1 2
Dy(6) = C2,,(0) — Cone” = (E) Z(ZZ+I)C,2P,2(COSG). (7.5)
1

! This term reflects the fact that when analysing the statistical properties of the AT signal, we only have a single
realization on the celestial sphere but cannot carry out averaging over the ensemble of realizations.
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The zero subscript 0 on D indicates that this value was obtained by averaging over the entire
sky. The solution D(#) is sufficiently small if & ~ 1°, but if we consider only a small part
of the sky this quantity increases to

4
Da(®) ~ 1/ = Do(0), (7.6)

where Z is the area of this small region in units of 4. We see from Eq. (7.6) thatas [E] — 0
the uncertainty in the behaviour of C(I) increases as E!/?, which automatically leads to
the error §C(1)/C(l) =~ (ED)~1/2 (Abbott and Wise, 1984; Knox, 1995). Threfore, the flat-
sky approximation describes the general characteristics of the spectrum C(/) with an error
6C(l)/C() < 1 only for multipoles with numbers /E > 1.

If we investigate only a small patch of the sky, then its geometry is very nearly flat and we
can introduce Cartesian coordinates (x, y) and rewrite AT (x, y) as the sum of the Fourier

series (Bond and Efstathiou, 1987)

1 X
AT(x,y) = ;aiij(k)cos (271 :” ~|—§0,~j) : 7.7)
where C(k) is the power spectrum, k = ZT”,/ i? 4+ j2, a;; are independent random Gaussian
quantities, ¢;; are random phases equidistributed in the interval (0, 27), and L =~ El/2 is the
angular size of the investigated region.

The correlation function Cops(r) = (AT (x, y) - AT (x’, y")) can be obtained by averaging
over the square L x L similarly to Eq. (7.2):

1
Com(r) = 5 3 afCk)Jokr), (7.8)
ij

where r = \/ (x — x)* + (y — y'). Formally, we average over the ensemble of realizations
to obtain

— 1
C(r) = Cons(r) = 3 E Ck)Jo(kr), (7.9)
ij

where k was defined earlier as a function of i and j. Equation (7.9) is in good argeement with
Eq. (7.4) since if 6 <« 7, then P;(cosf) =~ Jy(l0) and 16 ~ kr.

Consequently, perturbations AT can be described by Eq. (7.7), where C(k) >~ C(l), k ~
1/&, (&, is the current horizon for z = 0). Obviously the observational correlation function
deviates from the mean value over the ensemble by the value of variance:

- - 1
D(r) = C%(r) — (Cons(r))* = 3 > C(k) I (kr). (7.10)
ij

The correlation function for r « L and its variance can be written in the following
form:

C(r) =7 [ kC(k)Jo(kr) dk,
D(r) = 7 [ kC2(k)J3(kr) dk, (7.11)
Cobs(r) ~ C(r) £ /D().
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We now use Egs (7.11) and introduce spectral parameters, as in Bond and Efstathiou (1987):

ol =7 [ kC(k)dk,

ol = [KC(k)dk,

(7.12)
o} =m [KC(k)dk,

R, =o0,/0s, re = op/o1, y = 012/(0002).
It is clear from Eqs (7.12) that the spectral parameters are completely defined by the values
of the correlation function and of its second and fourth derivatives with respect to r evaluated
atapoint r = O:

ol = (=1)En2¥ (7.13)

d' C(w)
do’ w=0

Therefore, the spectral parameters o/ are moments of the spectrum C(I) and completely

describe, as shown in Bardeen et al. (1986) and Bond and Efstathiou (1987), the local
topology of the CMB anisotropy maps. Let us take a closer look at this aspect of the problem.

7.3 Local topology of the random Gaussian anisotropy field: peak statistics
We remind the reader that a Gaussian random field is a field whose joint Gaussian
probability of distribution of random variables x; is given by the expression
e 2
= @nyderiniz
20 = Z Ax; (M~ Ax;.

ij

P(xy,...,x,)dx;...dx, ... dx,,

(7.14)

To determine the covariant matrix M;; in Eqs (7.14) we require only the mean values of
random variables (x;) and their variances, as follows:

M;j = (Ax; Axj), Ax; = x; — (x;). (7.15)

Let us assume now that a random Gaussian process has already been realized on a sphere
as it occurs in data on the CMB anisotropy measured by COBE. On the whole, an anisotropy
realization appears as a sequence of light and dark zones corresponding to maxima (light
zones) and minima (dark zones) of the signal AT/ T. How is the number of these zones related
to the properties of the spectrum of the Gaussian distribution A7 /T ? What are the largest
(positive) and smallest (negative) values of AT /T on the map? What is the structure of
the signal in the neighbourhood of the points of maxima and minima of AT/T? These
and other questions constitute the gist of the problem of studying the local topology of the
anisotropy field, and the modern theory of random fields provides quite definite answers to
these questions. Why is it so important to study the local topology of the signal? Obviously,
testing its topological features can confirm or reject the hypothesis of the normal (Gaussian)
distribution of anisotropy. Furthermore, it could be possible in some cases to classify the
sources of non-Gaussian distortions of the signal and eliminate some of them (effects of
systematics, manifestations of galactic and extragalactic noise, etc.), thus coming very close
to solving the problem of determining the statistical nature of primordial non-uniformity of
the metric, density and velocity of matter calculated from the data on the CMB anisotropy.
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A new question arises: why not make use of, say, the analysis of the three-point correlation
function, or bispectrum, or higher-order moments which are standard tests of detecting that
a signal is non-Gaussian?”> The answer is surprisingly simple. It is not only possible but also
necessary to make use of these standard tests when studying the statistical properties of the
realization of random fields. In practice, however, the negative and positive results of applying
these tests can hardly be considered final, since a hypothesis of the Gaussian nature of the
signal can be confirmed only by using an infinite number of n-point correlation functions.
A distribution may look Gaussian up to very high moments but then reveal its non-Gaussian
side. Examples of this type of anomaly are well known (see, for example, Kendall and Stuart
(1977)). For this reason, any additional statistics and tests that prove to be sensitive to various
properties of a Gaussian process mutually complement one another and make it possible to
come very close to solving the problem.

As a first important step in studying the local structure of anisotropy maps of the CMB,
we consider the statistics of AT /T peaks; this was first suggested as one of the critical tests
for the Gaussian nature of the primordial signal in Sazin (1985) and Zabotin and Naselsky
(1985). A detailed theory of peaks in the A(T6, ) distribution (for a Gaussian signal) was
perfected in Bond and Efstathiou (1987) and generalized to specific non-Gaussian fields in
Coles and Barrow (1987). Following Bardeen et al. (1986) and Bond and Efstathiou (1987)
we treat the peak distribution AT /T on a sphere as a random pointlike process characterized
by the probability density

np =Y 8(G — Gp), (7.16)
P
where g are the coordinates of an arbitrary point on a sphere, g, are the positions of extreme
points of the distribution AT (g ): V(AT(g ) = 0; V is the gradient operator on a sphere.
Let us consider the behaviour of the anisotropy fields in the neighbourhood of an extreme

point. Following Bardeen et al. (1986) we introduce the notation £(§ ) = V(AT(q)) and
expand (AT (q ) into a Taylor series:

. .1 oL
AT(@G) = AT@Gp) + 5 ;s,-j<q —Gp)i(G — qp)j- (7.17)

Now we carry out similar operations for the field gradient,

nG) > Y &G —dp);- (7.18)
ij

where &;; is the matrix of second derivatives of AT (g ) withrespect to the variable §. Assuming
the matrix &;; to be non-singular at a point ¢ = g, we find the components of the vector
(g — g,) from Eq. (7.18) to be given by

(G —p)i ~E " Gpmi@), (7.19)

where £7!(g,) is a matrix inverted with respect to the matrix &;;. Combining Egs (7.16) and
(7.19) and taking into account the properties of the § function, we obtain

(np(@)) = (| det& " (@)I8P[7H(G)]) = f d(dT) d°¢| det£ " (§)| P(AT; € = 0;£),
(7.20)

2 A detailed analysis of these techniques is given in Heavens and Sheth (1999) and Peebles (1983).
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where P(AT, § =0, &) is a joint distribution function of anisotropy AT and of its first
and second derivatives evaluated at a point 5: = {&;} = 0. The uniformity and isotropy of the
field AT signifies on average that the mean number of peaks is independent of coordinates
on a sphere. Following Bond and Efstathiou (1987) we introduce a dimensionless variable
v = AT /oy, where oy is defined in Eqs (7.12)—(7.13), and equals the square root of the
variance AT.

We define the functions Npyax(v)dv and Nyin(v)dv as the density of AT maxima and
minima, respectively, on the anisotropy map, whose amplitude lies within the interval v =
(v 4 dv). We refer the reader interested in details of calculations to the original publications,
Bardeen et al. (1986) and Bond and Efstathiou (1987), and give the final expressions for
Nmax(v) dv and Npin(v) dv (Novikov and Jgrgensen, 1996a,b) as follows:

v

1 2 dv
Nmax(v)dv = FQ*Z exp (—?> WG(V, yv), (7.21a)

_2_.l 1 X _aexpi=xi/120 =y}
Gy, x )=, —y )[1 5¢ fc{ TIERBIE ” +x.(1 —y% Gl = 77

exp[—x2/(3 — 2y?)]
(3 —2y2)12

Xx
T { 20— 729G - 217" ” 7D

where erfc(x) = (1 — (2//7)) fax dte™, 6, = /20, /02, and o1, 0 and y are defined in
Eqgs (7.12) and (7.13). So,

(Nmax + Nmin)(v)dv =

y:exp(—v/2) [, expl=al/G —2y?)]
2702 (2w)l/? y2(3 = 2pyH)l/2

(7.22)
Integration of Eqs (7.21) and (7.22) from v, to co, where v = v is an arbitrarily chosen level,
gives the mean number of maxima and minima whose amplitude is above the threshold v,

(Bardeen et al., 1986; Bond and Efstathiou, 1987):
2

4 —v2/2
—_— Ve t
Q2r)3262 "

1 Ve
Nmax(V) + Amin(V) = + 4]_[\/503 erfc { [2(1 — 2V2/3)]I/2 } :

(7.23)

If vi — —oo then the total number of extrema on the anisotropy map is given by (Bond and
Efstathiou, 1987) as

4711\/5 6 (ster™ ). (7.24)
Equations (7.21)—(7.24) open up the study of the Gaussin nature of the signal, based on calcu-
lating the concentration of maxima and minima on anisotropy maps in different cosmological
models.

At the same time, Eqs (7.21)—(7.24) need a slight modification that should take into account
the actual parameters of the experiment. In the ‘simple’ case, when the properties of the signal
are dictated by the primordial anisotropy of the CMB radiation smoothed by the receiving
antenna and instrument noise, the spectrum parameters change. We assume that the trans-
mission function of the antenna has a Gaussian profile with a characteristic angular scale 84,
and that the instrument noise is a ‘white’ noise whose spectrum Cjoise) 1S independent of

I’lpk(—OO) =
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Table 7.1.

FWHM 0. 0O, 0. 6, 6. 0,
(arcmin) € (arcmin) y  (arcmin) (arcmin) Y (arcmin) (arcmin) Yy (arcmin)
5 0.1 8.6 0.53 4.5 5.7 0.44 2.5 3.6 0.61 2.2
5 0.3 11.1 0.45 5.0 5.9 0.40 2.3 35 0.61 2.2
5 1.0 15.0 0.40 6.1 6.1 0.37 2.3 3.6 0.60 2.1
10 0.1 15.0 0.49 7.4 12.8 0.45 5.7 8.4 0.54 4.5
10 0.3 17.0 0.52 8.9 13.7 0.42 5.8 8.5 0.53 4.5
10 1.0 22.0 0.43 9.4 16.0 0.34 5.5 8.9 0.50 4.4
20 0.1 32.3 0.44 14.2 29.7 0.42 12.3 21.1 0.45 9.6
20 0.3 30.2 0.48 14.6 28.0 0.45 12.7 20.5 0.48 9.7
20 1.0 35.9 0.49 17.5 32.9 0.42 139 23.0 0.43 9.9

1. Following Barreiro et al. (1997), we define the total correlation function for a mixture of
primordial anisotropy and noise as follows:

1
Cla.o)= o Y@+ [C(l) e D 4 C] Pi(cos6). (7.25)
1

Then, in view of the definition in Eq. (7.13), all spectral parameters of the random Gaussian
CMB anisotropy field are functions of 64 and C;se, including also the external instrument
noise. Again following Barreiro et al. (1997), we introduce the noise amplitude A i (10")
that characterizes the level of noise smoothed on a scale 10 using a Gaussian filter. Without
discussing the specifics of the experiments, we choose three values,? A i.(10") = (0, 1, 3) x
1073, The case of Apie(10’) = 0 is that of an ‘ideal” experiment that does not distort the
properties of the primordial signal on scales of 10" and higher. Two other values simulate the
effect of noise on a map at levels close to the amplitudes of the primordial signal. We now
fix three models of the Universe with Qi = 1, @y = 0.3 and 2, = 0.1 with the baryonic
density €2, = 0.05 and the Hubble constant # = 0.5. We consider the hidden mass to be ‘cold’
and assume that initial perturbations are adiabatic and have the Harrison—Zeldovich spectrum.

What is the behaviour of the concentration of anisotropy field maxima Ny« (vy) for these
three cosmological models? Table 7.1 (Barreiro et al., 1997) summarizes the spectral param-
eters for various values of 05 and A,u.(10"). The relation between 6, and the width of
the directivity diagram of the antenna at half-amplitude (FWHM) is given by 05 = 0.425
(FWHM).

We need to emphasize that as the resolving power of the antenna decreases (the FWHM
increases), the number of peaks on the sphere increases by almost three orders of magnitude
(Table 7.2). At the same time, the statistical spread in the number of peaks, An ~ VN,
for FWHM = 5’ is found to be unimportant for an ‘ideal’ experiment (Apeise(10') = 0) but
becomes decisive if Apgise(10") = 107 and Apeise(10') = 3 x 107>, Note that the parameters
of the PLANCK space mission will be very close to the parameters of an ‘ideal” experiment.
In other models the signal properties are determined by the noise, which in fact results in an
approximate equality of the number of peaks on the sphere.

3 Note that the parameter Apoise(107) characterizes the level of fluctuations AT/ T and is therefore dimensionless.
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Table 7.2.

FWHM

(aemin) v Q=01 =03 Q=1 Q=01 Q=03 Q=1 Q=01 Q=03 Q=1
5 3 4541 2912 1657 11019 10965 10459 25147 25883 25962
5 3.5 1011 636 357 2401 2362 2228 5674 5842 5794
5 4 174 108 60 407 397 271 986 1016 1007
10 3 1518 1106 753 2192 1953 1615 4727 4660 4295
10 3.5 335 258 164 479 423 341 1055 1038 949
10 4 57 44 28 81 72 56 182 179 163
20 3 335 379 267 419 452 339 795 832 690
20 3.5 74 84 59 91 99 73 174 183 150
20 4 13 14 10 15 17 12 30 31 25

Table 7.2 summarizes the results in these models as a function of v,, FWHM and the noise
level (Barreiro et al., 1997).

7.4 Signal structure in the neighbourhood of minima and maxima of the

CMB anisotropy

The theory makes it possible not only to predict the average number of extrema of
the random Gaussian anisotropy field, but also to calculate the most probable structure of the
field AT in the neighbourhood of a maximum or a minimum (Bardeen et al., 1986; Bond
and Efstathiou, 1987). Following Bond and Efstathiou (1987), we choose a polar system of
coordinates (w = 2sin6/2; ¢) with origin at the point of maximum of the field AT (¢;) and
resort to the flat-sky approximation to describe the structure of AT in the neighbourhood
of this point. We assume that the peak height equals v. Then the field distribution in a
neighbourhood of the maximum is elliptical, as follows:

—\2
A@) = o0 {v _ %yx (g) [1+ 2e, cos(2(p)]} : (7.26)
C

where x = V2(AT)/o, is the radial curvature, e, is the symmetry, and the coordinate system
is oriented along the major and minor axes of the ellipsoid. The radial curvature x and the
asymmetry e in Eq. (7.26) are random parameters that change from one realization to another.
Using the results from Bond and Efstathiou (1987), we can compare the characteristic sizes of
zones covered by these peaks at half-maximum. In the former case (v = 1) the corresponding
zone radius is found to be close to 6,, while for the v = 3 peak it exceeds 0, by a factor of 3
to 4. At the same time, the mean area of the zone at the level v, in the peak neighbourhoods
of height v > v is approximately equal to

0, \° 1
S(vl):2n< > (1 - —2); ve>> 1 (7.27)

YV Ve

and decreases as the level v, is increased. As a result, the high peaks of the Gaussian field
AT have sharp tops and sufficiently extended pedestals. Their shape approaches elliptical,
at least for high (v > 2) peaks, but the pedestals of each peak are of random shape.
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Figure 7.1 (a) The CMB anisotropy spectrum obtained in the MAXIMA-1 experiment
(Hanany et al., 2000a,b) (top), as compared to (b) the BOOMERANG data (de Bernardis
et al., 2000). Adapted from Hanany et al. (2000a,b).

Taking into account the above-listed properties of peak statistics in the random Gaussian
field AT, we can turn to possible practical uses of them. The next section mostly deals with
analysing peaks on AT maps obtained in the BOOMERANG (De Bernardis et al., 2000) and
MAXIMA-1 (Hanany et al., 2000a,b) experiments.

7.5 Peak statistics on anisotropy maps

We mentioned in Section 7.1 that the observational data obtained by the
BOOMERANG and MAXIMA-1 missions (De Bernardis ez al., 2000; Hanany et al., 2000a,b)
marked the advent of a new era in studying the spectra of the CMB radiation. The measured
angular spectrum (see Fig. 7.1) clearly shows a peak on an angular scale corresponding to
the spectral harmonic with the multipole number / >~ 200. This is a Sakharov peak. However,
the structure of the CMB anisotropy spectrum for / > 400 is not yet clear, and a new series
of experiments is required, such as MAP and PLANCK missions.

There are several factors of major importance for future experiments. For instance, the
PLANCK experiments will cover a much greater area of the sky than BOOMERANG and
MAXIMA-1. Moreover, PLANCK works on two HFI channels with v >~ 545 GHz and v ~
857 GHz, which provide the resolution FWHR= 5.

In this section we analyse peak statistics (statistics of maxima and minima) on the CMB
anisotropy map. We compare these statistics using maps obtained by BOOMERANG and
MAXIMA-1 with those of future observations by PLANCK and we predict certain properties
and shapes of peaks.

Let us consider a model, very nearly realistic, obtained by virtue of successful observations
by MAXIMA-1. According to Hanany et al. (2000), the map obtained on the basis of these
observations shows a high-amplitude peak on the AT /T distribution (Fig. 7.2). The coor-
dinates of this peak are: declination ~ 58.6°, right ascension 15"35™. The amplitude of this
peak on a map filtered with the Wiener filter is AT ~ 2.3-2.5¢, and the value of anisotropy
decreases monotonously to the level of 1o at 15.2" < o < 15.4" and 58.5° < § < 60°.

In the following, we examine the salient features in the structure of the peaks in terms of the
measurements of the CMB achievable with the PLANCK experiment; these measurements
will have better resolution than those currently available. A similar prediction was made in
Bunn, Hoffman and Silk (1996) for the experiment conducted on Tenerife (in the canary
Islands) in which the COBE DMR data were used, although the technique was somewhat
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Figure 7.2 Map of an area of the sky obtained by the MAXIMA-1 mission (the Wiener
filter was applied). The map accumulates three 150 GHz channels and one 240 GHz
channel. Adapted from Hanany et al. (2000a,b).

different. For instance, we show that more accurate measurements do not resolve the internal
structure (new high peaks > 1.50) inside the area mentioned above.

In an actual experiment, an antenna resolution is finite and the spectral parameters depend
on the antenna diagram 6, and hence on the number of Sakharov peaks that can be resolved
by this antenna. This means that the structure of high peaks of AT /T of future PLANCK
maps may differ from the corresponding structure of peaks on the maps generated using
BOOMERANG and MAXIMA-1 data.

On all cosmological models, the CMB anisotropy spectrum C(/) can be described as a sum
of Gaussian peaks with centres at the points of maxima [, (I > 30) (Kotok et al., 2001),

2
I+ 1CW) +1)C(l) {Z A, ox [_ 2di2n) } +1}e—ﬂs{ (7.28)

where 7 is the number of peaks, d,, is the peak width, /, is its location and N is the normalizing
factor for low multipoles (for example normalization based on the COBE data). The last term
of Eq. (7.28) takes into account the Silk attenuation on the angular scale s. Note that we have
not introduced into Eq. (7.28) any low- or high-multipole filters (transmission factors and the
antenna). This means that Eq. (7.28) describes the initial spectrum of perturbations on the
sky without any smoothing. Indeed, the last two factors are very important and their effect
on AT /T maps is decisive. A spectrum of the type (7.28) provides information on the effect
of each Sakharov peak on the topology of AT /T maps. Therefore, by using the Eq. (7.28)
approximation, we can study the effect of the first, second and subsequent Sakharov peaks
on the spectral parameters of future maps obtained using the WMAP, PLANCK and other
missions.

The next question concerns the transmission function, W(l), of a given experiment. We
simulate the basic properties of the function W (/) in the approximation of small angular size
of the map:

¢ = @ —exp[ — I + 1)6]] {lm for 1 <30,

I~V for I> 30, (7.29)
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(m = 2 for a two-beam and m = 3 for a three-beam circuit of low-multipole filtration).
The exponential in Eq. (7.29) describes an antenna with 8, ~ 7.45 x 107> (6gwimm/1°). To
describe the asymptotes of the cofactor in Eq. (7.29) we introduce a function which corre-
sponds to both limits, as follows:

(lR)m-H

TN

(7.30)

where R is a characteristic angular scale (see Eq. (7.29)) for low-multipole filtration. There-
fore, the spectral parameters for this model are given by the relation

2 __ = 2i (= ln)z —12(s2462). .
o2 = [ dii¥g) 1+ZA,lexp Sy e D, =0, 1,2
0 n n

(7.31)

Note that for the second and higher Sakharov peaks /2/d? > 1, and for the first peak
only we have [2/d} ~ 5. For the analytical approximation of the integral in Eq. (7.31) the
asymptotic behaviour /2/d? > 1 is required for all peaks of the spectrum (7.28). Using this
approximation, we arrive at the formulas for the spectrum parameters o, as follows:

1282
o§=%|:2ln——c+\/7ZA 2 ex (1+2§2$2) (+2d2)1/2j|

(7.32)
A,ld, ex Le N\ T ]
1 n p( 22) L,
SO 4 il : ) Y T 1
2% 25 (1+243) i dny/2(1 +2d282) ] |
(7.33)
22 — -
A 3d, ex ub
1 p 2g2 1,
SRS il (- 21 PRy e —
20 V257 (1+2428?) | doyJ2(1 +24282) ] |
(7.34)

where C is the Euler constant, §2 = 62 + 5%, and ®(x) = 2//7 [; dxe™* is the probability
integral. We see from Eq. (7.32) that only the first Sakharov peak is important in the calculation
of the variance 002. The effects of the second and subsequent peaks are practically negligible
because of the drop in the amplitude A, and due to the relation d,, /[,. However, these peaks
dictate the topological structure of the maps AT /T (see Eqs (7.35) and (7.36)) — for example,
the number of maxima and minima for different thresholds v,00 = AT /T. Equations (7.33)
and (7.34) describe a realistic model with d?£% < 1 and [2£% < 1. In this model the density
of all peaks for v(—o0, 00) is given by an especially simple expression,
o2
Ni =Ny =—=—5 ster (7.35)

871\/_01

where N, and N are the densities of all maxima and all minima, respectively.
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Figure 7.3 (a) y(x, y) and (b) N (x, y) as functions of the parameters x = 10%A,/A,
(horizontal axes) and y = 10?A3/A; (vertical axes). The numbers on the curves correspond
to the values y(x, y) and Ny (x, y). Note that the point x = 26, y = 46 corresponds to the
amplitudes of the first and two subsequent accoustic peaks according to the MAXIMA-1
and BOOMERANG experiments.

Let us now consider a model situation in which all Sakharov peaks are smoothed (A, = 0).
For this model, the spectral parameters 6, and y have the following form:

R —1/2
62 = 2£2; y = <21nE — C) , (7.36)

and the densities of all maxima and minima of arbitrary height are given by NJ( =Ny =

(1/87+/3)& 3. If we denote the degree of sky coverage in a certain AT /T experiment as Sy
(for example, fuy =~ 0.3% for the MAXIMA-1 experiment), then the number of maxima (or
minima) on the observational map will be given by

2
N ~ 16 (%) <9Fvlvﬂ> . (1.37)

According to De Bernardis et al. (2000) and Hanany ef al. (2000a,b) the antennas of the
MAXIMA-1 and BOOMERANG experiments have the equivalent FWHM of =~ 10’. This
means that in the absence of Sakharov peaks in the spectrum we could detect 576 maxima on
the appropriate maps. However, Eqs (7.32)—(7.34) imply that the presence of Sakharov peaks
in the primordial spectrum decreases the number of peaks on the map to 271. Therefore we
must add to our analysis the understanding that the effect of the Sakharov peaks is to reduce
the number of hot and cold spots on the map by a factor of approximately 2.

The next question of interest is: to what extent is the topology of the AT /T map sensitive
to the amplitudes of the second, A,, and the third, A3, peaks if we assume that the amplitude
and position of the first peak are known? In order to answer this question, we compare
y(Aj, A3) and Ny (A2, A3) for the following models. In model 1 we choose the amplitude A
corresponding to the data of Hanany et al. (2000a,b), and we assume the coordinates and
widths of the peaks to be as follows: [; = 210 for width d; = 95, [, = 580 ford, = 110 and
I3 = 950 for d3 = 130. The corresponding plots are shown in Fig. 7.3.

The next model (Fig.7.4) corresponds to a hypothetical situation when the amplitude of
the first Doppler peak is only half of that in the case above. As we see from Eqs (7.32)—(7.34)
and Figs 7.3 and 7.4, the structure of the spectral parameters y(A,, A3) and Np(A», A3) in
this second (‘toy’) model changes dramatically. The number of maxima increases to above
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Figure 7.4 Same as in Fig. 7.3 but for a toy model with the first Sakharov peak amplitude
one-half that in Fig. 7.3.

420, while the parameter y retains almost the same value y =~ 0.4-0.47. This result is also
important for analysing the global and local map topology. The position and amplitude of the
first Sakharov peak in the C (/) spectrum in the BOOMERANG and MAXIMA-1 experiments
were measured to an accuracy of 10%. Because of this 10% error, the theoretically predicted
number of CMB peaks on the observation maps can vary from 263 to 279. This difference of
16 peaks corresponds to a statistical fluctuation SN /N ~ N'/? of the number of peaks, N,
on a map, with hardly any changes in the parameter y. On the whole, starting with the results
given above, we can state that the peak distribution on MAXIMA-1 maps corresponds to the
hypothesis of the Gaussian nature of the signal.

However, another question arises: how will the local topology on a CMB map change if
the resolving power of the receiving instrument increases and the noise level decreases? Will
the future measurements be capable of revealing the internal structure of the peaks that were
identified using the BOOMERANG and MAXIMA-1 experimental data? For example, will
they be able to detect new peaks in the fine structure within the area 0 < v < 27 If the answer
is yes, what will the typical height of these peaks be? Answers to these questions depend
on the peak-to-peak correlation on high-resolution maps. The spread of the number of peaks
from one realization to another on an §2;, pixel grid is related to the peak-to-peak correlation
function Cpi_px by the following formula:

Qg dQy

(ANJO) /(N = (N~ + / o Con@ =), (7.38)
p

where (Ng[() = n;k(vt)Qp, n;k(vt) is the concentration of maxima having height v above a
certain threshold v;. Note that the first term in Eq. (7.38) corresponds to the Poisson peak
distribution. Heavens and Sheth (1999) have recently conducted analytical and numerical
calculations of the peak-to-peak correlation function and showed that Cpi_py tends to zero
for & < 6, and reaches a negative value Cpy_px = —1 for 6 = 0. This result reflects the fact
that various high peaks cannot be located close to one another. For instance, two high peaks
with amplitudes v; ~ v, ~ 2-2.5¢ must be separated by a distance 6 > 6,. According to
Heavens and Sheth (1999), a typical angular scale 6, for the favourite cosmological ACDM
model is close to 20'. This scale is twice as large as the FWHM in the BOOMERANG
and MAXIMA-1 experiments and four times as large as it is in the PLANCK experiment.
It is useful to remark, nevertheless, that about ten low-amplitude v < 1 peaks can exist
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around a high peak in the above-mentioned region on a high resolution map. Therefore,
we can conclude that isolated 2-2.50 peaks found on poorly resolved BOOMERANG and
MAXIMA-1 maps manifest themselves as isolated peaks on PLANCK maps.

Let us return to considering a high peak with § = 58.6°, RA = 15"35’ on the MAXIMA-1
map. The location of this peak is almost independent of high angular resolution of the future
PLANCK experiment, and its amplitude can be described as follows. Imagine that the ideal
experiment with a §-function antenna revealed the highest peak with coordinates § and RA.
The amplitude of this peak, measured in units of variance, can be written as

Vin = AT [0¢(in) (7.39)

where oyin) corresponds to Eq. (7.33) for & = 0 and § = s. We assume for simplicity that the
distribution A(x, y) around the point of maximum is Gaussian, with characteristic scales a
and b = ka, k a constant, such that
X2 32

AT (x, y) = VinOo(in) EXp <_ﬁ - 2_l72) s (7.40)
and the parameter a is proportional to a typical correlational scale of the primary signal.
Following Bond and Efstathiou (1987), we can describe the local shape of the peak of height
v by measuring the radial curvature I" and ‘ellipticity’ € in polar coordinates 8 and ¢:

_\2
_ 1 0
8(6, ) = o0@in) | Vin — EVF <Q_> (1 4+ 2e;cos2p) | . (7.41)
C
Let 62 = x> 4 y? and cos 2¢ = (x? — y?)/(x? + y?). We now find
in92 in92 1 2
= —mle e Wl ot (7.42)
(1+2e)yT (1 =2e)yT 1—2¢;

Taking the eccentricity into account, we rewrite this last relation in the following form:
k2 =1/(1— €. (7.43)

We will compare two experiments that would investigate the same part of the sky in the
neighbourhood of the peak but with different resolutions 6; and 6,. We assume that 6,
corresponds to the MAXIMA-1 experiment and 6, to the PLANCK experiment (6; >~ 26,).
We denote the amplitude of the maximum in the poor-resolution experiment by vpaxmva and
that in the high-resolution experiment by vpr anck. In such models, the amplitude is given by
the equation

-

’ 1t ro |: (F_r/)2:|
/dxdy AT, y)exp | ——— |, (7.44)

AT j(x,y) = 20
J

2
2w ;
where the index j = 1, 2 corresponds to 8, and 6,, and 7(x, y) and 7(x’, y’) are vectors in a
Cartesian fr\e/ference frame, with the origin at the central point of the maximum. The form of the
function AT ;(x, y) of Eq. (7.40) is described for the poor- and high-resolution experiments
by the equation

AT (x.y) = Vin%0inyab exp|l-— (7.45)
S [(a2+9})(b2+0})]”2 2@ +67) 202+67)|
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This curve determines the parameter & 2=(>+6? / (a® + 0?), which can be measured in
the neighbourhood of the peak at a certain threshold vol", where aél) is the variance of
perturbations in the poor-resolution experiment. As a result, Eq. (7.41) yields the following

peak amplitude:
ot (7.46)
VMAXIMAOy = 7 5 - .
C T Ea(1+0}/a)
In high-resolution experiments, Eq. (7.45) yields

vinoém)ic

2
VPLANCKO) = 73> (7.47)
[(1+63/a%) (x> + 63 /a)]
and since the quantities 0™, oV and o® differ only logarithmically, we obtain
£1(1+4u?)
VPLANCK = VMAXIMA (7.48)

[(1 + pu2) (k2 4 w2

For instance, this ratio for the peak of MAXIMA-1 with coordinates § = 58.6°, RA = 1 5h35m
is ~ 1.2-1.4. Taking this result into account, we can transform the peak with vi ~2-3 on a
map based on MAXIMA-1 into a peak on the anticipated future map provided by PLANCK.
This means that the peak we consider, given by 8§ ~ 58.6° and RA=15"35™, corresponds to a
maximum in the distribution of the primordial signal at the level v ~~ 4. It is quite clear that
a similar prediction can also be made regarding the high-amplitude peaks on the map of the
radio skies obtained by BOOMERANG.

7.6 Clusterization of peaks on anisotropy maps

When analysing the structure of AT in the neighbourhood of extrema, we used the
results of the theory of clusterization of peaks in random Gaussian fields whose astrophysical
applications were studied in detail in Bardeen et al. (1986), Bond and Efstathiou (1987),
Heavens and Sheth (1999) and Novikov and Jgrgensen (1996a,b). Obviously, an analysis of
peak clusterization, added to peak statistics depending on peak height, is an additional test
of the Gaussian nature of the signal or of possible deviations of its characteristics from the
normal distribution.

First, we need to give a definition of what we call a cluster of peaks. A map of anisotropy
AT obtained in the framework of the MAXIMA-1 project clearly shows lighter and darker
zones corresponding to isolated regions with enormously high (compared to the mean level)
signal and enormously low values of the field AT. Obviously, this separation into zones is
purely relative and depends on the height at which the section is made of the field AT (x, y)
by a plane AT* = v, - 0p. If AT*(x, y) = v00, then the formal solution of this equation
implies a set of points {X, ¥} that form the level ‘contour’ L{x, y}. To be precise, this level
contour is also arandom function for a random field whose properties obviously depend on the
spectral parameters o;. For high-level sections v, 3> 3-5, the corresponding lines resemble
a set of close contours at a considerable distance from one another. This effect has a very
simple explanation that is totally based on the statistics of high peaks of Gaussian fields.
As we saw in Section 7.2, the concentration of peaks for high v decreases as v, increases.
Correspondingly, the mean distance between peaks increases as well. Then the corresponding
level contours for each isolated peak of AT automatically approaches elliptical shape (see
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Section 7.3). The ellipticity of level contours in the neighbourhood of a point of extremum
is therefore a sign of it being isolated from other peaks.

Let us take a closer look at the mathematical aspect of the problem of peak clusterization
in the approximation of small size of the region to be analysed in comparison with the entire
sphere. Assume now that we cut the surface AT (x, y) by a plane AT*(x, y) = vy and
calculate the number of clusters N,

o0
Ny -k = nmax(0y), (7.49)
k=1

which corresponds to the total number of maxima above the level v; on the map in question.
We need to point out that in addition to AT peaks (the maxima) each cluster may also contain
minima and saddle points. If, for instance, a cluster of dimension k contains k = ky,,x maxima
and kp;, minima, it as a rule contains k, saddle points, such that ks = kpax + kmin — 1.

Following Novikov and Jgrgensen (1996a,b), we introduce normalization of the concen-
tration of clusters of dimension ., as follows:

D1k = A (W) + Rmin() — 1 (0), (7.50)
k=1

where ng(vy) is the total number of saddle points above the section v;. Then, making use of
Eqgs (7.49) and (7.50), we can determine the mean cluster length at the level v:

_ Zka _ Nmax (V)
Z Ny max(V0) + Amin(V) — ng(vy)
We described in Section 7.3 the general properties of extrema and we have used the expression

for npmax (V) and npin(ve) in Eqs (7.23) and (7.24). For the concentration of saddle points, we
will use the expression obtained by Novikov and Jgrgensen (1996a,b):

(k) (7.51)

n(u)—L“—’22 1-® _ B (7.52)
RRRENEE V2G-2 ] |

where ®(x) is the probability integral (Gradstein and Ryzhik, 1994). Equation (7.51) shows
that the mean cluster length at the level v, is a function of a single parameter y . In its turn, this
parameter is determined by a combination of spectral parameters and characterizes the general
topology of anisotropy maps. As y — 1, the clusterization of peaks is largely suppressed
and the signal on a map looks like an ensemble of a large number of isolated peaks. In the
opposite asymptotics, when y — 0, the clusterization of maxima is extremely high and the
AT map should look very fuzzy.

As for any type of statistics of Gaussian fields, the distribution and clusterization of maxima
depending on the section height v, can be used to test the potential non-Gaussian noises on
the map AT (x, y). Let us consider as a noise of this sort, the background of non-resolved
pointlike sources that create an excess signal AT, > 0 at points {xp, yps}. On the whole, the
presence of this noise results in biasing the level ATcmp(x, y) + AT, = 0, where ATevp
is the primordial anisotropy. What will the qualitative change be in the rate of the peak
clusterization in the presence of this type of noise? The answer to this question will be
easily obtained by analysing the behaviour of the function (k)(v;, y) for a ‘bare’ signal or a
‘signal+-pointlike source’ combination.
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On a map of infinite size, the function (k)(vy, ) formally tends to infinity, whereas on a
finite map the value of (k)(v, y) is high but finite. This sharp increase in the mean cluster
dimension results from the percolation effect investigated by Naselsky and Novikov (1995).
The effect consists in the following: as vi — 0 ‘from above’, i.e. while v¢ > 0, the zones
with v > v, gather into clusters of higher dimensionality but are nevertheless separated from
one another by regions with negative values of AT. A similar pattern is observed when we
move in the direction of v, = 0 from the zone of v, < 0. In this case the pattern is absolutely
symmetric, as it is for v, > 0, but now for minima of the field AT. The surface v, = 0 is
therefore peculiar. To be precise, any deviation upwards (v, > 0) or downwards (v, < 0)
immediately transforms the ‘maxima—minima’ system to one of the two states listed above.

We have already remarked that the presence of noise on a map shifts the percolation level
to the region v, < 0 and breaks the symmetry in the distribution of maxima and minima of
the field AT.

To conclude this section, we look in more detail at the field distribution AT (x, y) in
the neighbourhood of two peaks that form a cluster of dimension 2 at the section level
V.. We invite the reader to pay attention again to the fact that different statistics of the
Gaussian field respond in a different way to the presence of non-Gaussian noises or to
the non-Gaussian nature of the signal itself. In this sense, the distribution of the field in a
dimension-2 cluster is, literally, a local characteristic of the signal topology, and this test can
be used to single out localized noises that manifest themselves in the shape of additional AT
peaks.

A detailed analysis of the structure of field distribution in dimension-2 clusters as applied
to the Gaussian field AT was given in Novikov and Jgrgensen (1996a,b). For isolated peaks
the structure of the signal in the vicinity of each peak was investigated in Bond and Efstathiou
(1987) (see Section 7.3). The main conclusion is that the shape of the signal in the neigh-
bourhood of a peak is elliptical, with the ellipticity parameters depending on the peak height
v and section level v;. For clusters of dimension 2, this condition will naturally remain valid
as the section height v, is increased because a dimension-2 cluster then automatically splits
into two clusters of dimension k = 1. However, as the height v; decreases, peak-to-peak
correlation results in phasing of the orientation of ellipses corresponding to any section v/,
Ve > V) < Vmax, Where v is the height of the lowest of the peaks and v is the level of the
section that singles out the cluster with k = 2.

It is also quite interesting that the ellipses corresponding to the field distribution around
each peak lose their shape in response to peak-to-peak correlations in the direction of the major
semi-axes.* Therefore, ifa AT (x, y) map reveals dimension-2 clusters within which the field
level contours intersect along the minor semi-axes of the ellipses, this would signify that one
of the peaks in the cluster is definitely of a noise origin and is not related to the Gaussian
signal. Another important feature of the local signal topology in the neighbourhood of a
k = 2 cluster must be pointed out. This topology is stable and independent of the spectrum of
primordial perturbations. Therefore, any disruptions would point to a non-Gaussian nature
of the signal.

4 The corresponding analytical expressions for the field distribution probabilities in dimension-2 clusters are given
in Novikov and Jgrgensen (1996a). These expressions are quite cumbersome, so we refer the reader to the
original publication.
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To conclude this section, note that the methods of analysing the clusters of anisotropy fields
as described above are readily generalizable to the polarization field. A detailed analysis of
clusterization of the Q and U components of the Stokes vector is given in Arbuzov et al.
(1997a,b).

7.7 Minkowski functionals

‘In reality’, that is in the context of the differential and integral geometry, the
Minkowski functionals (MFs) (Minkowski, 1903) were introduced into cosmology (Mecke,
Buchert and Wagner, 1994) as three-dimensional statistics for distributions of objects in the
Universe, and then for the isodensity contours of continuous random fields (Schmalzing and
Buchert, 1997).

The idea of testing the statistical nature of the signal on the CMB anisotropy maps using
the geometrical characteristics was developed in Doroshkevich (1970), Gott et al. (1990),
Naselsky and Novikov (1995), Novikov et al. (2001), Schmalzing and Gorski (1998) and
Winitzki and Kosowsky (1997). An analysis of this approach, and especially of its applications
oriented aspect, to CMB anisotropy maps for the already implemented experiments (COBE,
MAXIMA-1, BOOMERANG) demonstrated the high efficiency of the Minkowski functional
techniques for verifying the Gaussian nature of a signal. This progress is largely caused by
the accumulation in Minkowski functionals of a number of characteristics that were already
discussed when studying the statistics of the CMB peaks. Following Novikov et al. (2001),
we single out the global Minkowski functionals: A = ) ¢; is the entire investigated area
within the isotherms, L is the total length of the contour that encompasses the area at the
section level v, and G is the genus for the number of isolated maxima minus the number
of isolated minima at a given level v, that are identifiable on the entire AT map. We also
construct local (partial) Minkowski functionals that are used for one or several selected parts
of the map. The need for this separation is obvious. If one of the regions on the map AT
of area S contains a clearly pronounced non-Gaussian noise but its area remains small, it is
clear that the distortion of global Minkowski functionals will be of the order S/Smqp < 1,
where Spqp is the area of the entire map.

We therefore consider a simply connected region R; of the anisotropy map with v(8, ¢) =
AT (0, ¢)/oo > v.. To characterize its topology, we consider three parameters: area a; of
the region, the contour length /; and the number of holes ny; in it. These are exactly the three
Minkowski functionals. In order to generate the global Minkowski functionals, we calculate
the numerical values of all these quantities for all separated regions of the map; that is,
we generate the sums A = > ag;and L = ) I;; G = Y _ g; is the number of isolated regions
with v > v minus the number of isolated areas with v < v;. Clearly the total area A(v) is
proportional to the cumulative distribution function of the random field.

Minkowski functionals possess mathematical properties which make them rather unique
among all other geometric characteristics. They are translationally and rotationally invari-
ant, are additive® and have a simple (and intuitive) geometrical representation. Moreover, as
was shown in Hadwiger (1957), all global morphological properties (that satisfy the prop-
erty of invariance under movements and the additivity) of any D-dimensional space can be
completely described using D + 1 Minkowski functionals.

5 ‘Additivity’ means, among other things, that the MFs of a conglomerate of several disconnected regions can be
easily obtained if we know the MFs for each individual region.
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The global Minkowski functionals of a Gaussian field are known analytically; in two-
dimensional space they take the following form:

2
L(v) = —exp (——) , (7.53)

where ®(x) = (2//7) f(f e~ dx is the error function. The way these functionals depend on
the spectrum can be expressed via the field correlation length 6, = oy /0o, where oy and o)

can be calculated using the spectrum C(/):

op = 1/4m > (2 + DCW).
1

7.54
of = 1/4m Y (2 + D)1 + DIC(). 739
l

Unfortunately, there are no analytical formulae for partial Minkowski functionals even for
Gaussian fields. However, this is not an insurmountable obstacle to their application because
they can be obtained by numerical calculations. We need to emphasize that to apply them in
practical work, one has to know not only the mean value of a quantity, but also its variance.
In most cases the variance cannot be found analytically, even if it is possible to find its mean
value. For example, it is possible to calculate analytically the mean value of hot/cold spots,
but the variance of this value can only be evaluated numerically.

Let us discuss the application of Minkowski functionals to two-dimensional maps. We refer
to all unconnected areas above the threshold (v > v;) as positive peaks and to those below
the threshold (v < vy) as negative ones. In each region R; we can calculate three Minkowski
functionals: area vﬁ = aj, perimeter vé = [; (that is, the length of the boundary), the number of
holes (an equivalent of genus) v; = g;, and the number of maxima within the area vf‘ = Nm;.
Now we need to analyse the cumulative function F (v, vk = 1,2, 3, 4) for these quantities.

As an example of a CMB map, we can look at COBE data from which all the radiation of
the Galaxy (the entire galactic background) has been removed. This removal of the galactic
background from the cosmic signal was achieved by using two independent techniques. The
construction of the maps was described in detail in Bennet et al. (1992, 1994), published
in COBE DMR ASDS. We will describe both techniques. The first of them is the so-called
combination method (map 1 given in Fig. 7.5(a)). Here the galactic background was removed
by a linear combination of all DMR maps followed by removing the free—free radiation,
and then by normalizing the cosmic signal to the thermodynamical temperature.

The second technique is that of subtraction (map 2, Fig. 7.5(b)). In this case one constructs
a map of synchrotron radiation and one of emission by dust, which is then subtracted from
the DMR data. Then the galactic free—free emission is subtracted. In Section 7.7.1 we fol-
low Novikov, Feldman and Shandarin (1999) and analyse both maps. We also describe the
numerical algorithm required to calculate the distribution of partial Minkowski functionals
on a sphere and the application of this algorithm to the COBE data.
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Figure 7.5 (a) COBE map 1 constructed using the combination technique (see text). Thick
solid curves correspond to Oo, 1o and 20 thresholds (areas in black are those within the 20
contour), thin solid curves correspond to 1o and 2o (areas within the contour lines 20 are
shaded). (b) COBE map 2 constructed by the subtraction technique. The notation is the
same as in (a). (c) Example of a Gaussian map with the same amplitudes as in (a).

7.7.1  Computation of maps

For a fixed position of pixels on a sphere, we choose a spherical system of coordi-
nates. We consider the temperature distribution on a pixel map as a function of two variables
in the following reference frame: —7/2 < 6 < /2 and —w < ¢ < . This function is in
fact defined only at points (6, @) so that

Vi = Vi O,)s Ok, =kike,  @r, = kiky. (7.55)

We also assume that hg = hy, = h = 2w /M, where M is the number of pixels on the ¢
coordinate axis. Then the total number of pixels equals M?/2. The original COBE maps
were recalculated according to this pixelization as

2

ATga(, 9) = B / ATcope(®', ¢') e 8 dcos(d’) dg/, (7.56)

where ATcopg and ATy, are the temperature at the points of COBE pixels and at the points
defined by Eqs (7.55), respectively, y is the angle between pixels, y = 7° is the angle of
smoothing and B is the normalization coefficient. Temperature perturbations are completely
described by the coefficients of the spectrum C}'. Using this description, we can write an
expression for the CMB temperature as follows:

ATgaa(®, @) = 300, =1y, ¢),

1/2
Vdata(e’ 90) = ATdata(97 w)/(Aszata) ! ’

where Y/" are spherical harmonics. The summation in Eqs (7.57) begins with [ = 2.

(7.57)
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6

Figure 7.6 Area bounded by the level contour. Closed polygons are approximations for the
boundaries based on a linear interpolation. Stars and circles are two rows of internal
boundary pixels corresponding to boundaries. The dashed line corresponds to a possible
path on a grid, connecting a pair of internal pixels which may belong to one and the same
area or two different areas. If this path intersects both boundaries (i.e. the boundaries
corresponding to pixels) an even number of times, then both pixels belong to the same
(simply connected) region; otherwise they belong to different regions. In this particular case
both numbers are zeros (i.e. are even) and the pixels belong to the same area.

Novikov et al. (1999) numerically calculated 1000 different Gaussian realizations of tem-
perature distribution on a sphere and compared the distribution of partial Minkowski func-
tionals in observational data with a random Gaussian field. Following this paper, we introduce
a section of the map at a height v,. Each isolated hot spot (region with v > v;) can be regarded
as a cluster that can be described using the area, length of boundary and the Euler charac-
teristic (this last is equivalent to the genus and both are related directly to the number of
non-connected boundaries). For instance, the total area of a map for which v > v, is the sum
of areas of all isolated hot spots with v > v;. The global Minkowski functionals, that is the
total area, the total boundary length and the total genus, can be found by summing up their
partial values over all clusters of a map. A calculation of partial Minkowski functionals for
a pixelized map requires that the algorithm satisfies the convergence properties

(vil, —v)

L

k

~ 0™, k=1,2, (7.58)

where v}, is the kth MF in the ith cluster calculated over a pixelized map, v} is the exact
value of this functional on the continuous field and m is the interpolation index. Further on
we will use for our algorithm a linear interpolation with m = 1.

The pixels (k1, k») inside an area of v > v, satisfy the condition vy, > v;. Let us define
a pixel (ky, ky) inside this area as an inner boundary pixel if the value of the field is below
the threshold vy in at least one of its four neighbours, ((k; + 1, k»), (ki — 1, kp), (k1, ko + 1),
(k1, kp — 1)); that is, vg, 41k < V. We now approximate the smooth boundary curve by a
broken line using a linear interpolation of the field between the inner and outer boundary
pixels (Fig. 7.6). After this we find the intersection of the boundary curve by the lines of the
grid, as follows:

Vt — Vi ko
6y =kith+h——— o, = koh, (7.59)
Vii+1,k2 — Vkiky
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for the lines of the ¢ grid and

t vk],kz

@b = k]h, Yp = kzh + h (760)

Vit 142 = Vkiky
for the lines of the 6 grid. Here 6, and ¢y, are the coordinates of the boundary points on the
broken line X,, = (6, ). Obviously this broken line converges to the smooth boundary
curve as 1 — 0. Now the cluster analysis algorithm consists of two steps. We describe these
steps below.

Determination of the boundaries and calculation of their length

First closed boundary curves are sought at a height v = v. Then each row of bound-
ary points is ordered under the assumption that )?m+ 1 is the boundary point closest to the
point )},,1. The length of the closest boundary is then given by

m=M,+1 .
=Y |Xn,—Xn. (7.61)
m=1
where M, is the total number of boundary points on the nth closed line at a height X My = X 1

and the norm is given by

v v . Ont1 + O 12
Xm+1 - Xm| = [(9m+1 - Qm)z -+ sin (%) ((/)m+1 - Qom)zi| .

The first point, X, 1s arbitrary. Different boundary curves on the map correspond to arrays
of boundary points X and to inner boundary pixels Y ¥ . The total boundary of isolated
regions with v > v can consist of a set of closed lines (two lines in Fig. 7.6).

Determination of cluster boundaries and calculation of the total boundary

and genus

Let us combine all closed lines that form boundaries of the same cluster, using the
arrays of inner boundary pixels 17,;’1 We assume that we need to test whether two different
lines are boundaries of the same cluster. These lines correspond to two rows of inner boundary
pixels )7,2‘ and 17"’12. If we take two arbitrary inner pixels, one from each row, and connect
them by a segment along the grid lines (see Fig. 7.6), then this segment may intersect the
boundaries N/, times (i = 1, 2), where N}, > 0.If two numbers N} and N2, are even, then
inner boundary pixels belong to the same cluster; otherwise they belong to two different
clusters. Consequently, all boundary lines belonging to one cluster form its boundary, whose
total length equals the sum of the lengths of each line. The number of closed lines for each
cluster is equivalent to the genus of this cluster. Therefore, we find the total number of clusters
and two partial MFs for each one of them: the length and the genus.

7.7.2  Calculation of the cluster area
All pixels located between the inner boundaries of the cluster belong to this cluster.
The area of a cluster can be crudely approximated by the total area of all these pixels, including
the inner boundary pixels. After this we can calculate total and partial Minkowski functionals.
Figures 7.7 and 7.8 show cumulative distribution functions F(v, nuy) (from Novikov
et al. (1999), where ny, = Einvf for two COBE maps described above. The mean value
and variance were obtained from 1000 random realizations of the Gaussian field, having
the same amplitudes as the one shown but with different phases. Both Figs 7.7 and 7.8
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Figure 7.7 Joint distribution function of global Minkowski functionals and the number of
maxima/minima as a function of temperature threshold (in units of o for the COBE map in
Fig.7.5(a)). Circles and triangles mark the values of the positive and negative thresholds,
respectively. Measurement errors correspond to o calculated over 1000 Gaussian
realizations.

reveal considerable deviation from the Gaussian behaviour. It is interesting to point out
that each set of statistics demonstrates small deviations from the Gaussian behaviour for
different thresholds F(A) at v, = 0.5, F(L) at v, = —1, F(G) at vy = £1 and F(Npax) at
vy = 0, 0.5, —1. Roughly speaking, these deviations are identical for both maps and are based
on the assumption that each of the four statistics carries its own specific statistical information.

It can be expected that partial Minkowski functionals will provide more detailed infor-
mation. Figures 7.9-7.13 present partial Minkowski functionals for ten thresholds® v, =
42, £1.5, £1, £0.5 and £0. Plotted in each figure are two curves, one for the positive thresh-
old v > v (solid curve) and another for the negative threshold, —v < v, (dashed curve). The
threshold v; has the same absolute value |v¢| for each map. Thick and thin solid curves cor-
respond to the COBE maps 1 and 2, respectively (see Figs 7.5(a),(b)). The mean Gaussian
curve independent of the sign of the threshold is plotted by a dotted curve. The hatched region
is the Gaussian variance lo.

The main features implied by Figs 7.9-7.13 are as follows.

Figure 7.9: v, = 2; the functions F(a) and F(b) show strong non-Gaussian signal while
the functions F'(g) and F (Np,y) are roughly in agreement with the Gaussian behaviour.

6 The thresholds v, = 4-0 and v, = —0 correspond to regions with v > 0 and v < 0, respectively.
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Figure 7.8 Same as in Fig. 7.7 but for the COBE map in Fig. 7.5(b).

Figure 7.10: v, = 1.5; all statistics point to non-Gaussian behaviour.

Figure 7.11: v = 1; the strongest non-Gaussian signal gives the distribution of maxima
F(Nmax), and other statistics are roughly in agreement with the Gaussian behaviour.

Figure 7.12: v = 0.5; all statistics point to strong deviations from the Gaussian
behaviour.

Figure 7.13: v, = 0; all statistics are roughly in agreement with the Gaussian behaviour.

What are the conclusions we can draw from these results? First of all, we note that owing
to low angular resolution, the spectrum C(/) for COBE data stretches to 30—40 multipoles;
furthermore, which is very important, we are dealing here with a single realization of a
random process on a sphere. Moreover, we see that the main source of a non-Gaussian signal
is the emission of the Galaxy. The various methods of eliminating this signal, given above,
demonstrate that despite the subtraction of the galactic background, the result nevertheless
contains a remnant non-Gaussian component. To a certain extent this conclusion is confirmed
by an analysis of statistical features of the signal in near-polar zones that are free of the
influence of the galactic emission. For example, Colley, Gott and Park (1996) studied the genus
curve and failed to detect substantial deviations from the Gaussian behaviour. Schmalzing
and Gorski (1998) arrived at similar conclusions and so did Ferreira, Magueijo and Gorski
(1998), who also analysed the properties of the COBE signal in near-polar regions. Note
nevertheless that this method proved to be adequately efficient for the COBE data with their
characteristic low resolution and low signal-to-noise ratio, ~1.
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Figure 7.9 The joint distribution functions, N, of partial Minkowski functionals for both
COBE maps (Figs 7.5(a),(b)). The hatched areas are the (&0 regions of the Gaussian
realizations. Solid lines represent the cumulative distribution function for positive (v > v;)
thresholds and the dashed lines that for negative thresholds. Thick solid lines correspond to
the COBE map 1 and thin solid lines to the COBE map 2. Threshold v, = 2¢.

The problem of extracting the Galaxy’s contribution will be very acute in future high-
resolution experiments, not only for the central region of the map where it dominates, but
also in other areas. This effect is largely created by the ‘leaking’ of the galactic signal through
side lobes of the antenna diagrams. Therefore, an analysis of the statistical properties of
the COBE data again highlights the importance of developing methods to eliminate the
strong non-Gaussian character of the CMB anisotropy maps caused by various types of
non-cosmological noise.

7.8 Statistical nature of the signal in the BOOMERANG and

MAXIMA-1 data

We need to point out that along with the COBE experiment that covers the entire area
of the sky, an important role for testing the Gaussian nature of primordial anisotropy of the
CMB radiation is played by the analysis of the statistical nature of the signal in experiments
with low coverage of the sky, for example BOOMERANG and MAXIMA-1. We have already
mentioned that these experiments are special in that they cover a relatively small area of the
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Figure 7.10 Same as in Fig. 7.9 but for the threshold v, = 1.50.

sky. However, in contrast to COBE, an analysis of the properties of the CMB anisotropy
selects those areas of the sky that contain no contribution from the emission of the Galaxy.
In analysing the properties of the signal obtained by the BOOMERANG mission, we follow
Polenta et al. (2002) who made use of the following tests:

(a) skewness and kurtosis (third and fourth moments of the distribution function);
(b) three Minkowski functionals — the area, length and genus.

The area of the sky that contains the signal occupies 1.19% of the entire area of the sphere
and covers a zone with coordinates 70° < RA < 105°, —55° < § < —35°, where no defects
are present on the map and the time of signal gathering is maximal. We will now give the
main characteristics of the signal in the BI5S0A frequency channel of the BOOMERANG
mission (Polenta et al., 2002).

The third moment of the distribution function S3 (skewness) and the fourth moment Sy
(kurtosis) are defined in a standard manner, as follows:

03 = (T — (T)2/(N — 1),
= Y.(T; — (T)*/N. (7.62)
= Y.(T; — (T)*/N.
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Figure 7.11 Same as in Fig. 7.9 but for the threshold v, = o.

and are based on local values of 7; and (T) = % = Y, T;, where N is the number of pixels
on the map.

The normalized values of the third and fourth moments, S5 = w3/ crg and Sy = w4/ a(‘,‘ , after
data processing are correspondingly given by 3 = —0.03 and S4 = 0.19. Owing to the effect
of noise and effects of systematics, these values are, of course, non-vanishing. When testing
the hypothesis of the Gaussian nature of the signal, Polenta et al. (2002) analysed the model
maps of CMB anisotropy, simulated for a given type of spectrum C([) that was obtained by
analysing the actual maps of the BOOMERANG experiment. The difference between the
models S3 and S4 and those obtained directly from the map do not go beyond the errors of
simulation. Similar conclusions follow also for the Minkowski functionals calculated for the
maps far from the galactic plane. These conclusions are identical to those reported by the
MAXIMA-1 collaboration (Wu et al., 2001a,b).

Figure 7.14 plots three Minkowski functionals for two variants of map filtration. As we
see from this figure, all Minkowski functionals are in perfect agreement with the Gaussian
statistics.

Does this mean that we can be completely sure of the statistical (Gaussian) nature of the
AT signal, or is the jury still out and does the problem need more detailed experimental and
theoretical investigation? We make an attempt to analyse the possible pitfalls of the Gaussian
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Figure 7.12 Same as in Fig. 7.9 but for the threshold v, = 0.5¢.

test using a simple model suggested by Novikov et al. (2000); this work forms the basis of
the following section.

7.9 Simplest model of a non-Gaussian signal and its manifestation in

Minkowski functionals

Following one of the most important predictions of the inflation theory, we have
considered in the preceding sections of this chapter the primordial perturbations of the metric,
density and velocity of the plasma as driven by quantum fluctuations of the vacuum physical
fields at the earliest stages in the expansion of the Universe. In the framework of this paradigm,
the Gaussian nature of quantum noise is transferred automatically to the angular distribution
of the CMB anisotropy in view of the linear mechanism of its generation. By virtue of this
paradigm, all possible deviations from the normal distribution of AT were interpreted as
manifestations either of non-cosmological noise or of systematic errors of the experiment.
However, the following question arises: could there be a ‘fallacy’ in this logic of analysis? Can
the experiment itself, possessing certain peculiar characteristics (for example finite resolution,
characteristic relaxation time of receiving electronics, etc.) destroy the initial non-Gaussian
behaviour of the signal and transform it into a ‘Gaussian look-alike’ signal? In other words,
what is hiding within the error limits that characterize, for instance, Minkowski functionals
in the real and the smoothed MAXIMA-1 maps?
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Figure 7.13 Same as in Fig. 7.9 but for the threshold v, = 0.

Answers to these questions were recently given in Novikov et al. (2001), where one of the
simplest models of inflation was analysed; it predicted the so-called x? distribution instead
of the normal law of fluctuation distribution. Obviously, this model can be used as one of the
possible models for the global non-Gaussian behaviour of the signal.

We will consider a temperature perturbation of the CMB radiation AT /T on the sky in
spherical coordinates ¢ and ¢. Normalizing AT /T to the variance o = (AT /T)*)'/?, we
obtain a random field u(®9, ¢) with zero mean value () = 0 and unit variance () = 1. In
what follows we consider two models of the random field that are postulated as normalized
temperature perturbations on the sky.

The standard approach is to simulate « as a random Gaussian field. The properties of this
random Gaussian field are well known (see, for example, Adler (1981)); we have discussed
it in the preceding sections of this chapter. Furthermore, we use the field ®? with a single
degree of freedom, as suggested by Linde and Mukhanov (1997). To retain the zero mean
value and unit variance, we use the expression

B2
_ ! J;I) . (7.63)

Therefore, the two fields u and v simulate the Gaussian and non-Gaussian distributions AT
(Novikov et al., 2001).

4
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Figure 7.14 Minkowski functionals of the MAXIMA-1 maps. (a) Minkowski functionals
for the original signal maps. (b) MFs on a Wiener-filtered map. Adapted from Wu et al.
(2001a,b).

We simulate the non-Gaussian component of AT by a field ¥2, which is a quadratic
function of the Gaussian field ®. Thus, in the expansion of the anisotropy field in spherical
harmonics,

i
AT = Zzalmc(l)ylm»
1 1=0

of the field u, the distribution a;,, is Gaussian, but a;,, for the field ¢ are distributed according
to the X221 +1 law. Note that the variance of a;,,, both for Gaussian and non-Gaussian fields is
normalized to unity and C(/) is chosen to be identical for the two fields. For the Gaussian
field, these functions were given earlier in the chapter and for the x? distribution of a;,, they
are given in Table 7.3.

Obviously the properties both of the Minkowski functionals and of the distribution of
extrema for the Gaussian and non-Gaussian fields differ drastically. On the whole, the situation
appears to be fairly predictable: the differences in properties of the fields generate differences
in statistics, and this is confirmed by calculation results. Assume that the properties of the
receiving instruments are not ideal. For instance, that an antenna characterized by quite
specific angular resolution possesses nonideal properties. How can this affect the properties
of the signal? It is quite clear that the answer depends on the relation between the characteristic
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Table 7.3.

Gaussian field Y field
Area vy %(I—CDO%) <I>< %—%)
Length v, % exp(—v2/2) % exp (—% + %)

Genus v, ﬁvl exp(—vlz/Z) e % — 5 &Xp (—% + ﬁ)

angular scales of the signal in which the non-Gaussian component is concentrated (if it is
concentrated) and the angular resolution of the antenna. We will transform the problem from
a qualitative to a quantitative one by modelling the effect of the antenna as a linear filter that
acts on the transform of the original signal.

We concentrate our attention on a one-point field distribution function and introduce a
smoothing filter g(x, ¢), where ¢ is the smoothing scale and g(x, 0) = §(x); then the smoothed
field u(x, t) is defined as

u(x, 1) = N(1) f Py g(x — y. Nu(y), (7.64)

where the constant N(¢) is chosen in such a way that the smoothed field remains normalized
to unit variance. If the filter g is Gaussian,’ it satisfies the diffusion equation:

dg(x, 1)
ot
where A is the Laplacian in the space of the angular variables X. By combining Eqs (7.64)

and (7.65), we can obtain an ‘equation of evolution’ for the field u in response to changing
the scale 7:

=tAg(x, 1), (7.65)

du(x, t
”g D (A2 )utx, 1), (7.66)
The second term r2, in Eq. (7.66) appears because of the scale dependence on the normalizing

factor N(¢). This equation makes it possible to study the one-point probability, P(u, t), of
the distribution of the smoothed field u(x, ¢) in response to a changed smoothing scale. By
writing this probability density as

P(u, 1) = (8(u(x, r — u))), (7.67)

and taking the partial derivative with respect to 7, we obtain

ow.n) __, 9 [((M)u + 2L> P, r)] . (7.68)

Jat ou o

The quantity (Au), is the averaged value of the field Laplacian u(x, t), provided the value

7 Note that the Gaussian approximation of the antenna diagram is widely used for processing the observational
data of CMB anisotropy.
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of the field u is fixed. Incidentally, this equation is written in a conservative form, that is its
integral over du vanishes.

The conditional mean of the Laplacian for the set of random fields can be calculated
analytically. The most interesting relation for the two fields, the Gaussian field and the x>
field, is (Au), = —(u/ rfm). In such cases the right-hand side of Eq. (7.68) simply vanishes.

Note that P(u) o exp(—u?) is a stationary solution of Eq. (7.68). This is a reflection of the
well known fact that a Gaussian random field remains random and Gaussian after smoothing,
as it does after any linear filtration. However, the probability distribution for the x? field
differs from zero only if u < 1/ V2 (see Eq. (7.1)) and is not differentiable at the outer field
boundary. Consequently, smoothing makes the field evolve away from the x2 distribution
so it ultimately approaches a distribution close to the stationary Gaussian solution for large
smoothing lengths.

Therefore, the effect of the antenna (acting as a Gaussian filter) may result in the fact
that the primary non-Gaussian signal, localized on scales smaller than the antenna diagram
width, will test as a Gaussian signal. This is why experiments with the highest possible
angular resolution, which makes it feasible (in principle) to restrict the angular scale 6, of
the possible initial non-Gaussian system, become especially important.

7.10  Topological features of the polarization field

In contrast to the analysis of the statistical properties of the anisotropy field, proce-
dures needed to test the nature of the CMB polarization are not as well elaborated. This is
mostly caused by a greater complexity of the properties of the polarization field, which in con-
trast to anisotropy is not scalar. Moreover, as we saw in Chapter 6, polarization is described
by using both local and non-local approaches, and the choice between the two is dictated, in
our opinion, by the properties of the noise present in polarization maps alongside the primary
signal. The first question to which we want to attract attention is: which of the characteristics
of polarization carry information on the statistical nature of perturbations on the surface of
the last scattering of quanta? We have already discussed the geometric characteristics of
CMB polarization in Section 3.5, and, among other things, pointed to the emergence of field
anomalies in the neighbourhood of the points O, where both the U and Q Stokes components
vanish simultaneously. In what follows we analyse the results of statistical calculations of the
genus of p = |P|/oy, where 002 is the variance and | P| is the polarization vector magnitude
(Naselsky and Novikov, 1998).

Let us split the CMB polarization map up into two types of regions: regions with relatively
strong polarization p > po (‘strongly polarized zones’) and regions with relatively weak
polarization p < pg (‘weakly polarized zones’) (Figs 7.15 and 7.16). Assume now that we
can measure the signal of polarization p > p,, where p; is the threshold which reflects the
instrument sensitivity. If it is possible to measure only the ‘strongly polarized’ signal p; > 0,
then only some polarized spots will be observed and no percolation between spots will
be possible. Therefore, percolation via polarized zones is only possible if the instrument
sensitivity p; < po.

The value of py can be found analytically. We assume that | P| is a random two-dimensional
scalar field with the Rayleigh distribution (Coles and Barrow, 1987). This field can be
presented as a two-dimensional surface in three-dimensional space. This surface contains
extremal points: minima, maxima, saddle points and singular points. The densities of maxima,
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Figure 7.15 A 10° x 10° map of the CMB polarization field for the CDM model. The
dotted area corresponds to regions with polarization degree p > p,. Solid curves plot the
boundaries between the regions of p > p, and p < p,. Circles, triangles and stars mark the
foci, nodes and saddle points, respectively. This map comprises 13 foci, 6 nodes and 19
saddles.

minima and saddle points for the Rayleigh field P are found as follows:

o0

Niax(p) = / nmax(p/) dp/,
p

o0

Nuin(p) = / nmin(p/) dp/7 (7.69)
P

Ngaa(p) = / nsad(p/) dp/'
P

Here nmax(p), nmin(p) and ngq(p) are the concentrations of maxima, minima and saddle
points, respectively, inside a certain interval (p, p + dp), and Nyax(P), Nmin(p) and Nga(p)
are the concentrations of maxima, minima and saddle points above a certain level p. Note
that in this case saddle points are saddle points on the two-dimensional surface p(x, y). As
in the case of the anisotropy field, we define the genus for the polarization field by

g(p) = nmax(p) + nin(p) — ngaa(p). (7.70)
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Figure 7.16 A 2° x 2° map of the CMB polarization field for the scale-invariant adiabatic
model of cold dark matter with Q, = 0.03 and & = 0.75, with the smoothing angle of 5
(FWHM). Calculation techniques for small regions of the sky and the spectrum were
borrowed from Bond and Efstathiou (1987). The length of each vector is proportional to the
degree of polarization and the orientation represents the polarization direction. To simplify
the visual perception, only 50 vectors were used. Only the orientation of the polarization in
the neighbourhood of non-polarized points has been marked (solid curves). This map
contains seven non-polarized points: two foci, one node and four saddle points.

Integrating Eq.(7.70) from a certain section height P to co, we obtain

G(P) = Nmax(p) + Nmin(p) - Nsad(p) = / g(P/) dP/ (771)
P

First of all, we find the percolation height for the polarization field using the condition
G(po) = 0 and taking into account the definition (7.70). Note that this condition does not
mean that po is automatically the percolation level for any scalar field. It is well known that
the level of percolation for the random Gaussian field corresponds to the level at which the
genus curve intersects the zero. In the case of the Rayleigh approximation, this condition also
signifies that the level py corresponds to the percolation contour.

As for the anisotropy field, we introduce a combination of independent random quantities
g and u and their first and second derivatives gq;, u;, qij, uij, (qij = Qij/02, u;j = U;j /02,
i =1, 2), where o, is the spectral parameter defined as 022 = (Qizl.) = (Uizi ). These quantities
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obey the following conditions:
p2 = q2 +u?,
Di = qqi +uu;,
ypipj + pij = v(qiq; + uinj) + qqij + uuij,
(qu) = (qiu;) = (qijun) = (qu;) — (qiu) =0,
14

(qaij) = (uuij) = =58ij, .
1
) = ) = L,

1
(Gijun) = §(8”‘3ﬂ + 8irdjk + 8ijdu),

2
_ 9

0002 '

The joint distribution function F for the quantities g, g;, gij, u, u;, u;; is chosen to be
Gaussian in accordance with the hypothesis of the normal distribution of perturbations of
metric, velocity and density of matter, as follows:

1

VQ2m)12det M

A=vxm x0T,

qu du dql dui dq,‘j du,-j = e_%dq du dq, dl/ti dq,’j dl/t,'j, (773)

where M is the covariant matrix and A is a quadratic form of the 12-dimensional vector
v(q, qi, gij, u, u;, u;;). A substitution of p, p;, p;; into Eq. (7.73) from Eqgs (7.72) and inte-
gration over six variables yields the joint probability fdp dp; dp;; of the quantities p, p;,
pij falling within the interval from p, p;, p;; to p +dp, p; +dp;, pi; + dpi;.

By analogy to Bond and Efstathiou (1987), the differential density of extremal points obeys
the following equation:

2
%2

Next(p) = 52 / | det(pij)l f3(p1)d(p2) dpij, (7.74)
1
where n.y is the density of extrema. An extremum may be a maximum, a minimum or a
saddle point, depending on the limits of integration over du;;. These limits are dictated by
the quantities tr(p;;) and det(p;;) of the matrix of second derivatives (p;;).

We find from the definitions (7.71) and (7.74) that the genus curve is described by the
following equation:

2

0.
8(p) = nmax(p) + Rmin(p) — nga(p) = 0_22 / det(pij) f(p, pi =0, pij) dpij.
1

(7.75)
Integrating this equation, we obtain
1 (o} ’ 2 e
g(p)=4— — ] (p"—=3) 2. (7.76)
T \ 0§
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Then the genus curve has the form

2

(p*—De 7. (7.77)

CP =

The condition G(p) = 0 yields the value py:
po=1. (7.78)

Therefore, the principal and most important difference between the field of polarization
modulus and the anisotropy field is the bias of the percolation level from py = 0 (typical
of a Gaussian field) to py = 1, which reflects specific features of the Rayleigh distribution.
We turn now to analysing Minkowski functionals for maps of the modulus of polarization
‘vector’.

A geometrical interpretation of Minkowski functionals on a two-dimensional map is very
simple. We consider the polarization intensity as a two-dimensional surface in the three-
dimensional space, as we did in the preceding section. If we cut this surface at a certain
height p;, then the map area splits into two parts: one where polarization is above a cer-
tain threshold p, and the other where polarization is below this threshold, p < p;. The
Minkowski functionals in the case of a two-dimensional distribution correspond to the fol-
lowing quantities.

(1) A is the part of the map area where p > p;.

(2) L is the length of the boundary between the parts where p < p; and p > p;, per unit
area.

(3) G = Nmax + Nmin — Ngq are the Euler characteristics per unit area (an equivalent of
genus).

The threshold is therefore an independent variable on which all these functionals depend. In
fact, the third functional has already been discussed above where we analysed the percolation
level. The first functional is exp(—v/2)?. The second functional has the following form
(Naselsky and Novikov, 1998):

2
Vi

1
L=—pe 7. (1.79)

Functionals for the Rayleigh distribution are zero at p; < 0. These functionals can be used to
describe the morphology of the CMB polarization field in the same manner as they are used
for the CMB anisotropy (Winitzki and Kosowsky, 1997).
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The Wilkinson Microwave Anisotropy
Probe (WMAP)

8.1 Mission and instrument

The successful launch of the WMAP' (Wilkinson Microwave Anisotropy Probe)
mission in June 2001 signalled a new epoch in the investigation of the cosmic microwave
background. This experiment differs from all previous satellite-, balloon- and ground-based
experiments by unprecedented precision and sensitivity.

The WMAP mission has been designed to determine the power spectrum of the CMB
anisotropy and polarization and subsequently to estimate such cosmological parameters as
the Hubble constant Hy, the baryonic fraction of dark matter €2y, the geometry Q2 of the
Universe, etc. These observations provide an independent check on the COBE results, deter-
mine whether the anisotropy obeys Gaussian statistics, and verify whether the predicted
temperature—polarization correlation is present.

The high-level features of the WMAP mission can be briefly described as follows. The
mission is designed to produce an almost full (>95% of the entire sky) map of the CMB
temperature fluctuations with ~20.2° angular resolution, accuracy on all angular scales >0.2°,
accurate calibration (<0.5% uncertainty), an overall sensitivity level of AT, < 20 pK per
pixel (for 393 216 sky pixels, 3.2 x 107 ster per pixel) and systematic errors limited to <5%
of the random variance on all angular scales.

We have taken information from Page (2000) to describe the instrument. The instrument
measures temperature differences from two regions of the sky separated by ~140°. It is com-
posed of ten symmetric, passively cooled, dual-polarization differential microwave receivers.
There are four receivers in W band, two receivers in V band, two in Q band, one in Ka band and
one in K band. The receivers are fed by two back-to-back Gregorian telescopes. The primary
mirrors are 1.4 m x 1.6 m. The secondaries are roughly one metre across. For computing the
CMB angular spectrum it is very important to have precise knowledge of the antenna beams.
Using Jupiter as a source, the satellite team measured the beam to less than 30 dB of its peak
value. The beams are not symmetric, neither are they Gaussian. Fortunately, the scan strategy
symmetrizes the beam, greatly facilitating the analysis.

The instrument is passively cooled. There are no cryogenic or mechanical refrigerators and
thus no inboard sources of thermal variation. The WMAP spins around its axis with a period
of 2 min and precesses around a 22°.5 cone every hour. Consequently, ~30% of the sky is
covered in one hour. The axis of this combined rotation—precession approximately sweeps

I WMAP was proposed in 1995, building work began in 1996, and the major push started in 1997 after the
confirmation review.
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out a great circle as the Earth orbits the Sun. In six months the whole sky is mapped. With
this scan, the WMAP is continuously calibrated on the CMB dipole.

Systematic errors in the sky maps can originate from several different sources: external
emission sources, calibration errors, internal emission sources, onboard electronics, striping
and map-making errors and uncertainty in the beam shape. In order to reduce the systematic
errors, WMAP has a symmetric differential design, rapid large-sky-area scans, a highly
interconnected and redundant set of differential observations, an L, (the second Lagrangian
point of the Sun—Earth system) orbit to minimize contamination from the Sun, Earth and
Moon emission, and to allow for thermal stability, and five independent frequency channels
to enable a separation of galactic and cosmic signals.

8.2 Scientific results

The scientific result of the mission is a set of maps of the microwave sky at different
frequency bands. These maps may be used both to analyse Galactic and extragalactic emission
and to analyse the CMB cosmological anisotropy to address the most basic cosmological
questions and extract information on fundamental cosmological parameters.

Here we will focus on the cosmological results. Special regions of the sky have been
selected for cosmological analysis. The regions on the sky which are significantly contam-
inated by diffuse emission from our Galaxy and by pointlike source emission have been
masked (Bennett et al., 1996). After applying the diffuse and point source masks followed
by additional cleaning up (Finkbeiner, 2003), the residual signal was assumed to represent
the cosmological CMB signal and became the subject of the subsequent analysis. If the
fluctuations in the CMB are Gaussian, then all the information in the CMB is contained in
the angular power spectrum. We will discuss the possible non-Gaussianity at the end of this
chapter.

Under the assumption of Gaussianity of the primordial cosmological signal, the best-fit
parameters can be determined from the peak of the N-dimensional likelihood surface. For this
purpose, Spergel et al. (2003a,b) used a basic cosmological model, which is a flat Universe
with radiation, baryons, cold dark matter, cosmological constant, and a power-law spectrum of
adiabatic primordial fluctuations. Such a model describes both TT (temperature—temperature)
and TE (temperature—E-component of polarization) CMB power spectra with the following
parameters: the Hubble constant h (in units of 100 km s~! Mpc™!), the physical matter and
baryon densities wy, = Q,h? and wy, = Qph?, the optical depth to the decoupling surface 7,
and the scalar spectral index n;.

This simple model provides an acceptable fit to both the WMAP TT and TE data (see
Figs 8.1 and 8.2).

Table 8.1 summarizes the results obtained by Spergel et al. (2003a,b).

It is essential to compare the best-fit power law ACDM model with other cosmological
observations and produce the best-fit model to the full data set. In particular, Spergel et al.
(2003a,b) considered determinations of the local expansion rate (i.e. the Hubble constant),
the amplitude of fluctuations on galaxy scales, the baryon abundance, ages of the oldest stars,
large-scale structure data and supernova la data.

8.2.1  Hubble constant
The Hubble Key Project (Freedman et al., 2001) used Cepheids to calibrate sev-
eral secondary distance indicators (Type Ia supernovae, Tully—Fisher, Type II supernovae,
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Figure 8.1 This figure compares the best-fit power law ACDM model to the WMAP
temperature angular power spectrum. The grey dots are the unbinned data. Adapted from
Spergel et al. (2003a,b).
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Figure 8.2 This figure compares the best-fit power law ACDM model to the WMAP TE
angular power spectrum. Adapted from Spergel et al. (2003a,b).

and surface brightness fluctuations). Their estimate for the Hubble constant is Hy = 72 &+
3(statistical) & 7(systematic) km s7! Mpc_1 (see Chapter 1). The agreement between this
estimated value and the value h = 0.72 4+ 0.05 given by WMAP, is very impressive, taking
into account the complete independence of these two approaches.
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Table 8.1. Derived cosmological parameters

219

Parameter

Mean (68% confidence range)

Amplitude of density/fluctuations

Characteristic amplitude of velocity fluctuations
Baryon density/critical density

Matter density/critical density

Age of the Universe

Redshift of reionization

Redshift at decoupling

Age of the Universe at decoupling

Thickness of surface of last scatter

Age of Universe at Last Scatter

Redshift at matter/radiation equality

Sound horizon at decoupling

Angular diameter distance to the decoupling surface
Acoustic angular scale

Current density of baryons

Baryon/photon ratio

03 =0.940.1
03206 = 0.44 £ 0.10
Q, = 0.047 % 0.006
Qm = 0.29 £0.07

ty = 13.4 + 0.3 Gyr

z=17+5
Zgee = 10887]

taee = 372+ 14 kyr
AZge = 194 £2

Atgee = 115 £ 5 kyr

Z,q = 3454135

ry = 144 + 4 Mpc

da = 13.7£0.5 Gpc

0y =299 +2

Ny, = (2.7£0.1) x 1077 cm™3
n=(6.5%3) x 10710

8.2.2  Weak lensing and galaxy velocity fields

Weak lensing and galaxy velocity fields are potentially powerful tools for measuring
mass fluctuations. These techniques directly probe density fluctuations of dark matter, and
therefore can be compared with the CMB model predictions. Several groups have reported
different measurements within the past years. There is still a significant scatter in the reported
amplitude of fluctuations (0.72-0.98), but the best-fit model to the WMAP data lies in the
middle of the reported range: 0.9 &+ 0.1, where oy measurements have been normalized to
Qn = 0.283 (the best fit for WMAP data). Improvement in the measurements of weak lensing
and the CMB can usefully complement these independent observations.

8.2.3  Cluster number counts

Detection of the contribution of the Sunyaev—Zeldovich effect to the CMB power
spectrum on small scales is in fact a probe of the number density of high-redshift clusters.
The recent cosmic background image (CBI) detection (Mason, Myers and Readhead, 2001,
Bond et al., 2002) at £ > 1500 gives og = 1.04 4 0.12 (Komatsu and Seljak, 2002).

The result of the Bahcall and Bode (2003) analysis of the abundance of massive clusters
atz = 0.5—-0.8 yields og = 0.95 £ 0.1 for @, = 0.25. Other cluster analyses yield different
values; for example, the Borgani et al. (2001) best-fit values for a large sample of x-ray clusters
are og = 0.667002 and Q, = 0.35%012. On the other hand, Reiprich and Bohringer (2002)
find very different values: og = 0.967 13 and Q,, = 0.1270 0. Pierpaoli et al. (2003) discuss
the wide range of values that different x-ray analyses find for og. With the larger REFLEX
sample, Schuecker et al. (2003) find og = 0.7117003) T0120 and Q, = 0.341700% *0.051,
where the second set of errors includes the systematic uncertainties.

One can see that the best-fit WMAP value lies in the middle of the relevant range.
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8.2.4  Baryon abundance

Acoustic peaks in the spectrum of CMB are a natural manifestation of the evolution
of the baryonic dark matter during recombination. At the same time, primordial abundance of
deuterium (Boesgaard and Steigman, 1985) is a very sensitive function of the cosmological
density of baryons. The best-fit baryon abundance based on WMAP is Q,h? = 0.024 &
0.001; it gives us a baryon/photon ratio of n = (6.5“:8:‘3‘) x 10719, For this abundance, standard
Big Bang nucleosynthesis (Burles, Nollett and Turner, 2001) implies a primordial deuterium
abundance relative to hydrogen of [D]/[H] = 2.37707 x 1073.

The Kirkman et al. (2003) analysis of QSO HS 24343057 yields a D/H ratio of 2.42¥033 x
107>, They combine this measurement with four other D/H measurements (Q0130 — 4021:
D/H < 6.8 x 107>, Q1009 + 2956: 3.98 & 0.70 x 1073, PKS 1937 — 1009: 3.25 4 0.28 x
1073, and QSO HS0105+1619: 2.5 4 0.25 x 107), to obtain their current best D/H ratio of
2.78793% x 107>, implying Q,h? = 0.0214 £ 0.0020. D’Odorico, Dessauges-Zavadsky and
Molaro (2001) find 2.24 £ 0.67 x 1073 from their observations of Q0347 — 3819 (although
a reanalysis of the system by Levshakov et al. (2003) reports a higher D/H value of 3.75 4+
0.25). Pettini and Bowen (2001) report a D/H abundance of 1.65 & 0.35 x 107> from STIS
measurements of QSO 2206 — 199, a low metallicity (Z ~ 1/200) damped Lyman « system.
The WMAP value lies between this estimate, Q,h%* = 0.025 £ 0.001, and that by Kirkman
et al. (2003), Q,h? = 0.0214 £ 0.0020.

It is worth noting that such good agreement between independent measurements of
the D/H ratio from different physical aspects is important for the basic Big Bang
model.

8.2.5  Large-scale structure and supernova data

The large-scale structure observations, the L y-« forest data and CMB measurements
deal with similar physical scales during completely different epochs and therefore can be
considered independent and complementary to each other. According to an analysis conducted
by the Anglo-Australian Telescope Two Degree Field Galaxy Redshift Survey (2dFGRS)
(Colless et al., 2001) and the Sloan Digital Sky Suwey2 (SDSS) large-scale structure data,
one can conclude that the ACDM model obtained from the WMAP data alone provides a
fairly good fit to the 2dFGRS power spectrum. The best fit has 8 = 0.45, consistent with the
(Peacock et al. (2001) measured value of 8 = 0.43 &+ 0.07.

Systematic studies by the Supernova Cosmology Project (Perlmutter et al. 1999) and by
the High z Supernova Search Team (Riess et al., 1998) provide evidence for an accelerating
Universe. The combination of the large-scale structure and the CMB and supernova data pro-
vide strong evidence for a flat Universe dominated by a cosmological constant (Bahcall et al.,
1999). Since the supernova data probes the luminosity distance versus redshift relationship at
moderate redshift Z < 2, and the CMB data probes the angular diameter distance relationship
to high redshift (z ~ 1089), the two data sets are complementary. The supernova constraint
on the cosmological parameters (Knop et al., 2003; Melchiori et al., 2003; Tonry et al., 2003)
are consistent with the ACDM WMAP model. The SNIa likelihood surface in the Q,—2x
and in the ©,,—w planes provides useful additional constraints on cosmological parameters
(Spergel et al., 2003b).

2 See www.sdss.org.
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Table 8.2. Basic and derived cosmological parameters. Running spectral index model

Amplitude of fluctuations
Spectral index at k = 0.05 Mpc™!
Derivative of spectral index
Hubble constant

Baryon density

Matter density

Optical depth

Matter power spectrum normalization
Characteristic amplitude of velocity fluctuations
Baryon density/critical density

Matter density/critical density

Age of the Universe

Reionization redshift

Decoupling redshift

Age of the Universe at decoupling

Thickness of surface of last scatter

Age of Universe at last scatter

Redshift of matter/radiation equality

Sound horizon at decoupling

Angular size distance to the decoupling surface
Acoustic angular scale

Current density of baryons

Baryon/photon ratio

A=0.83"%

n, = 0.93 £0.03
dng/dInk = —0.03170918
h =071

Q,h? = 0.0224 + 0.0009
Quh? = 0.1357908

T =0.17£0.06

oy = 0.84 £0.04
0306 = 0.38%002
Q, = 0.044 £ 0.004
Qn = 0.27£0.04
ty = 13.7 £ 0.2 Gyr

z=17+4
Zoee = 1089 £ 1
taee = 37978 kyr
AZgee =195 £2

Atgee = 11873 kyr

Zeq = 3233730

r, = 147 + 2 Mpc

da = 14.0%32 Gpe
ly=301+1

N, =(25+0.1)x 107 cm™3
n=(6.1793)x 1071

8.2.6  Basic results of WMAP data analysis

The WMAP mission has provided cosmology with a standard model: a flat Universe
composed of matter, baryons and vacuum energy with a nearly scale-invariant spectrum of
primordial fluctuations. This cosmological model is a result of best possible fitting to many
observational data that include star formation, small-scale CMB data, large-scale structure
data and supernova data. This model is also consistent with the baryon/photon ratio inferred
from observations of D/H in distant quasars, the HST Key Project measurement of the Hubble
constant, stellar ages and the amplitude of mass fluctuations inferred from clusters and from
gravitational lensing. Table 8.2 (Spergel et al., 2003a) lists the best-fit parameters for this
model.

While there have been a host of papers on cosmological parameters, WMAP has brought
this program to a new stage: WMAP’s more accurate determination of the angular power
spectrum has significantly reduced parameter uncertainties, its detection of TE fluctuations
has confirmed the basic model, and its detection of the reionization signature has reduced the
ns—t degeneracy. Most importantly, the rigorous propagation of errors and uncertainties in
the WMAP data has strengthened the significance of the inferred parameter values.

In spite of the great success of the WMAP experiment, there are still some uncertainties
to be solved and explained. Many different investigations have been performed to estab-
lish Gaussianity or non-Gaussianity of the WMAP data (Komatsu et al., 2003). Since the
inflation predicts a Gaussian random distribution of initial perturbations in the Universe,
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the expectation of the Gaussian CMB temperature fluctuations on the sky seems to be well
justified. This is a directly testable prediction since WMAP’s high-resolution, all-sky data
set of the has become available.

The sophisticated non-Gaussianity test by Chiang et al. (2003) on derived maps from the
first-year WMAP data by Tegmark, de Oliveria-Costa and Hamilton (2003) shows significant
non-Gaussianity features. This test was based on a phase (of the spherical harmonic coeffi-
cients) mapping technique, which has the advantage of testing non-Gaussianity in separate
multipole bands. It has been shown that the foreground-cleaned WMAP map contradicts the
random-phase hypothesis in all four multipole bands, which points to non-Gaussianity. The
evidence of non-Gaussianity for | > 350 has been discovered and is yet to be explained.
Explanation of such a deviation from Gaussianity is crucial because most of the data analysis
technique used for the analysis of the WMAP data has been adopted only for the primordial
Gaussianity of the cosmological signal.

To detect Gaussianity or non-Gaussianity, Larson and Wandelt (2005) performed an anal-
ysis of one- and two-point statistics of the hot and cold spots in the CMB data obtained by
WMAP. Investigating the pattern of cold and hot spots on the sky, they found an anomaly
in the full-sky minima—-minima temperature—temperature two-point correlation function in
the form of an excessively large fluctuation, which is unlikely at the 3 sigma level. To obtain
this result they approached the problem numerically: they found some way to reduce the
entire CMB sky to a single number — a single statistic computed on the hot and cold spots.
They compared the statistic for the measured CMB sky to the distribution of statistics for the
simulated CMB skies. If the measured statistic falls significantly above or below the others,
then large statistical fluctuations were assumed to exist, which they quantified. It is then, to
paraphrase Larson and Wandelt, up to the reader to determine if this should be interpreted
as merely an unlikely statistical fluctuation, an indication of non-Gaussianity of a cosmolog-
ical CMB signal, a residual foreground, or a systematic effect. It should be mentioned that
Larson and Wandelt observed the anomaly in the minima—minima temperature—temperature
two-point function in the form of over large fluctuations only on the full sky. This suggests
that this effect is distinct from those that led to recent claims of global anisotropy in the CMB
(see the following).

Eriksen et al. (2004) also investigated the three Minkowski functionals (see Chapter 7) and
the so-called skeleton of the two-dimensional WMAP data in order to check for Gaussianity
or non-Gaussianity. The skeleton length was introduced as a diagnostic for Gaussianity by
Novikov, Colombi and Dore (2003). The skeleton of the field is a set of lines that extend
from extremum to extremum along the lines of maximum or minimum gradient. The results
of statistics of the WMAP data are compared with 5000 Monte Carlo simulations, based on
Gaussian fluctuations with the a priori best-fit running-index power-spectrum and WMAP-
like beam and noise properties. Several power-spectrum-dependent quantities, such as the
number of stationary points, the total length of the skeleton and the spectral parameter, y,
are also estimated. While the area and length of the Minkowski functionals and the length
of the skeleton show no evidence of departure from the Gaussian hypothesis, the northern
hemisphere genus has a x? that is large at the 95% level for all scales. For the particular
smoothing scale of 3.40 degrees FWHM it is larger than that found in 99.5% of the simulations.
In addition, the WMAP genus for negative thresholds in the northern hemisphere has an
amplitude that is larger than in the simulations with a significance of more than 3 sigma. On
the smallest angular scales considered, the number of extrema in the WMAP data is high at the
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3 sigma level. However, this can probably be attributed to the effect of point sources. Finally,
the spectral parameter y is high at the 99% level in the northern Galactic hemisphere, while
perfectly acceptable in the southern hemisphere. The results provide strong evidence for the
presence of both non-Gaussian behaviour and an unexpected power asymmetry between the
northern and southern hemispheres in the WMAP data.

Land and Magueijo (2005) made an analysis of the WMAP data based on an orthonormal
frame for each multipole and on a set of invariants to investigate the statistical isotropy and
Gaussianity of the WMAP data. This sophisticated analysis did not show any evidence of
non-Gaussianity and also showed that the signal is statistically isotropic. However, as the
authors emphasize, their method is very limited by noise and overlooks subtle features in the
data.

Another new method for analysing non-Gaussianity of CMB maps has been presented
by Naselsky et al. (2005). The purpose of this paper was to show that any correlations of
phases of the spherical harmonic coefficients of the CMB signal determine the morphology
in the space of phases. The authors generalize the method of phase correlations of Naselsky,
Doroshkevich and Verkhodanov (2003) for testing the phase coupling in the CMB maps. In
particular, they introduce the mean angle ®, for each multipole |, averaged over all m-modes
in order to check whether the distribution of ®, is uniform (as it should be for Gaussian
signals); if it is not, they check the possible preferred directions for each multipole.

To illustrate the sensitivity of the method, Naselsky et al. (2003) use the foreground-cleaned
map (FCM) and the Wiener filtered map (WFM) derived by Tegmark et al. (2003), the ILC
map derived by the WMAP science team® and the ILC map reproduced by Eriksen et al.
(2004). All these maps contain some features of the foreground residues, non-uniformity
of the noise, Galactic plane substraction, etc. The main task is to show how any detected
non-Gaussian features relate to known properties of the non-Gaussian components of the
signal. All these maps include Galactic plane contamination, which is excluded by different
types of masking in order to estimate the power spectrum of CMB anisotropies.

Naselsky etal. (2003) apply these analyses to the CMB maps derived from one-year WMAP
data. These CMB maps are generated using different foreground cleaning methods; hence
their morphologies are somewhat different. As phases are closely related to morphology,
the analysis of phases not only demonstrates the existence of non-Gaussian residuals among
these CMB maps, but also reveals the differences between morphologies of these maps.

Itis worth mentioning that application of different statistical methods to the investigation of
the temperature fluctuations on the sky can sometimes lead to completely different results that
can ‘contradict’ each other. But this contradiction occurs only because different techniques
and different methods are sensitive to different non-Gaussian properties of the signal. Another
problem is related to anomalies in the low-multipole range of the WMAP CMB anisotropy
(Hinshaw, Barnes and Bennett, 2003; Spergel et al., 2003b, Tegmark et al., 2003). The
deficit of power for quadrupole, planarity of octupole and alignment between the quadrupole
and octupole were discussed in numerous papers, but questions about their nature are still
unanswered.

At the time of writing (2006) the WMAP mission continues to gather information and
send data. Many important questions on the structure and the evolution of the Universe
are yet to be investigated. In the meantime, we are waiting for a new space mission, the

3 http://lambda.gsfc.nasa.gov/product/map/m_products.cfm.
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PLANCK mission, with its higher sensitivity, greater angular resolution and larger frequency
range.

Measurement of the polarization in the CMB by PLANCK opens a new window onto an
exciting future for the study of the CMB. This new coming era in cosmology will be discussed
in Chapter 9.*

4 More information about WMAP and the data are available at http:// lambda.gsfc.nasa.gov/
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The ‘Planckian era’ in the study of
anisotropy and polarization of the CMB

9.1 Introduction

The completion of the recent balloon experiments BOOMERANG, MAXIMA-1,
TOP-HAT and ground-based experiments DASI, CBI and VSA ushered in a new phase
in the experimental investigation of anisotropy and polarization of the cosmic microwave
background. The satellite WMAP, launched successfully in June 2001, opened a new era in
the study of the CMB anisotropy and polarization, which differs from previous experiments
in its greater accuracy of finding the characteristics of the cosmological signal, and hence of
the cosmological parameters. We mean here the Hubble constant Hy, the density €2y, of the
baryonic fraction of matter in the Universe, the hidden mass density Q24pn, the dark energy
density 2, (the vacuum?), the exponent n in the spectrum of adiabatic perturbations, and a
number of others.

An international satellite, PLANCK, whose aim is to measure anisotropy and polarization
of the primordial radiation with unprecedented accuracy is scheduled for launch in 2007.
The accepted opinion is that PLANCK will summarize more than 35 years of progress in the
theoretical and experimental study of polarization and anisotropy of the CMB and will allow
us to come very close to building a realistic model of the Universe.

Before discussing the main features contributed by WMAP and PLANCK, we briefly sum
up the results achieved by radioastronomy and cosmology in studying the CMB anisotropy.
Figure 9.1 brings together the the main results of observing the anisotropy spectra of the CMB,
indicating measurement errors (for references and descriptions of experiments, see Wang,
Tegmark and Zaldarriaga (2001) and http://space.mit.edu/home/tegmark/index.html) and a
comparison of the results of BOOMERANG, MAXIMA-1,WMAP, VSA, DASI, ACBAR and
CBI data. As we see from Fig. 9.1, the spectra C(|) obtained in the above experiments are all
in quite satisfactory agreement. On the basis of this data, Efstathiou (2002, 2003a,b) obtained
parameters of the CDM model that best describe the available set of observational data (see
Fig. 9.2). According to Efstathiou (2003a,b), the best agreement between the predictions
of the theory and experimental data is obtained in the standard CDM model with adiabatic
perturbations and the following set of parameters: Q,h> ~ 0.021, Q4u,h?> = 0.12, Q4 = 0.7,
Qx =1—Qp — Qp — Qgm = 0 (curvature parameter) and Ny = 1 (the Harrison—Zeldovich
spectrum).

First, we can be quite certain that the detected small-scale anisotropy (for angles 6 < 1°)
proved to be in complete agreement with the theoretical predictions. The first Sakharov
peak (I ~ 200) is clearly seen in both Figs 9.1 and 9.2, and theoretical predictions and
experimental results appear to be in good agreement in the area of the second, and possibly
the third, peaks. This agreement in the shape of the theoretical curve and experimental data

225
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Figure 9.1 8T (l) as a function of multipole number using the data of seven experiments
completed by mid 2004. Adapted from http://space.mit.edu/home/tegmark/index.html.
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Figure 9.2 Anisotropy spectrum for the CDM model with the set of parameters

wp = 0.022, Qg = 0.12, Qk = 0, Q4 = 0.7 (Efstathiou, 2003a,b). Full circles: data of
observations; solid curve: most suitable CDM model; thin solid lines: models listed in
Table 9.1. These models have identical values of wy and w, fixed to the best-fit values from
WMAP. Adapted from Efstathiou (2003a,b).
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Table 9.1. Parameters for degenerate modelsin Fig. 9.2

Qe Q Qe Qa h
0.00 0.0463 0.2237 0.73 0.720
—0.05 0.0806 0.3894 0.58 0.546
—0.10 0.1114 0.5386 0.45 0.446
-0.20 0.1714 0.8286 0.20 0.374

indicates that our understanding of the dynamics of the processes that were taking place in
the pre-galactic plasma in the epoch of redshifts z < 10% is clearly correct. Less obvious is
the answer to this question: which of the cosmological models is the best one? The answer is
obviously dependent on what we use as a criterion of a ‘good’ or ‘bad’ model. We intuitively
feel that the smaller the deviation of the theoretical anisotropy spectrum C(l)' from the
experimental spectrum C(l)**P, the better the chosen theoretical model is in comparison
with models not providing this minimum. However, current and future experiments cannot
measure the spectrum C(1)**P without errors, AC(l). Therefore, two most important tasks
arise: to minimize the error (increase the accuracy of the theoretical prediction of C(I)' and
reduce theoretical AC(l)) and at the same time to analyse the nature of the experimental
error AC(l) (systematics+random spread of values). As an illustration of the most important
role played by systematic and random errors, we invite the reader to look at Fig. 9.2. As we
see from this figure, the entire range of large-scale anisotropy measured by COBE (I < 30)
happens to lie outside the optimal curve that mostly approximates the data of BOOMERANG,
MAXIMA-1, DASI, CBI, WMAP, etc. that we discussed in the preceding chapters. This
means that the array of observational data selected for processing contains systematic errors
of various experiments; this may affect the value of the principal cosmological parameters.
Following the generally accepted terminology for most important cosmological parameters,
we will keep to the following notation:

(@) wp = Quh? is the density of the baryonic fraction of matter in units of critical density
pCl’;

(b) we. = Qamh? is the density of the CDM fraction in units of pe;

() Qg is the amplitude of the adiabatic mode normalized to C(10)!/2 for | = 10 relative
to the COBE data;

(d) ng and n; are the exponents of the spectra of adiabatic perturbations and gravitational
waves, respectively;

(e) r, =C(2)'/C(2)® is the ratio of the spectra of gravitational waves and adiabatic pertur-
bations for | = 2;

) Q=1-—Q, — Q. — Q4 is the curvature parameter of the Universe.

We assume that systematic experimental errors are completely eliminated' and that the
errors AC(l) are statistical in nature.

! Naturally, this assumption is far from being realistic. Presumably, the role of ‘systematics’ will be decisive in
evaluating the noise level both in the WMAP and in the PLANCK experiments. At the same time, this
simplification makes it possible to compare errors of various experiments in determining C(l) at least at an
academic level.
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Table 9.2.
WMAP PLANCK

Parameter noconst. r,=-7n, r, =0 noconst. r,=-7n, I, =0
Swyp/wy 0.052 0.028 0.030 0.0064 0.0056 0.0056
Sw. /. 0.097 0.028 0.031 0.0042 0.0042 0.0039
8Q 0.0066 0.0047 0.0050 0.0013 0.0010 0.0011
ér 0.49 0.043 — 0.33 0.023 —
dng 0.030 0.0061 0.0098 0.0049 0.0032 0.0042
8N, 0.56 0.0061 — 0.40 0.0032 —
sh/h 0.082 0.020 0.028 0.0045 0.0045 0.0041
S 0.16 0.049 0.068 0.012 0.012 0.011

Which of the ongoing WMAP or future PLANCK experiments, given a chosen model of
random AC(l), will be able to determine the cosmological parameters with higher accuracy,
corresponding best to the observational data? To answer this, we see from Table 9.2 that
the expected level of systematic and statistical errors for the PLANCK instruments must be
almost five times lower than for WMAP.

In other words, PLANCK will open up new possibilities for both theoretical and experi-
mental studies of anisotropy and polarization of the CMB radiation, thus creating for scientists
new problems that lie beyond the sensitivity at the level of several per cent. We will briefly
outline the scope of this quest. We assume, as before, that the level of systematic noise does
not exceed the level of random errors. Then the uncertainty in the values of the main cos-
mological parameters are as in Table 9.2. In this table, column r, = 0 corresponds to the
situation of no gravitational waves, column r, = —7n, corresponds to the inflation model
discussed in Chapter 5 based on the slow roll approximation, and the column ‘no const.’
corresponds to the ability of the experiment to measure cosmological parameters without any
additional assumptions concerning the characteristics of gravitational waves. The potential
results of PLANCK compared to those of WMAP, let alone those of balloon experiments, are
impressive, even taking due account of the importance of correcting for systematic errors.
The logical question now is: what factors are responsible for this high sensitivity of the
PLANCK instruments and what methods will be used to achieve it? To answer this, we
give below the formal description of the project; the details can be found on the PLANCK
web page.? First of all, the unique capabilities of the PLANCK mission are based on two
instruments (low-(LFI) and high-(HFI) frequency instruments) that comprise 54 detectors in
the range 30-70 GHz and 56 detectors in the range 100-857 GHz, respectively. The choice
of ten frequency channels is predicated on the need for multifrequency filtration of galactic
and extragalactic noise. Table 9.3 shows the variance of the CMB anisotropy, the variance
of the pixel noise, oyise, and the size of the pixels and half-widths of the antenna diagram
for all PLANCK’s frequency channels (see Vielva et al. (2001) for reference). The three HFI
channels, 143, 217 and 545 GHz, will measure the CMB polarization. It is expected that the
level of galactic and extragalactic noise in the first two ranges will be minimal compared with
other ranges (see the following section).

2 http://astro.estee.esa.nl/PLANCK
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Table 9.3.
Frequency OcMB Ornoise FWHM Pixel size
(GHz) (107°) (107°) (arcmin) (arcmin)
857 4.47 2221.11 5.0 1.5
545 4.47 48.951 5.0 1.5
353 4.48 4.795 5.0 1.5
217 443 1.578 5.5 1.5
143 4.27 1.066 8.0 1.5
100(HFI) 4.07 0.607 10.7 3.0
100(LFI) 4.10 1.432 10.0 3.0
70 3.88 1.681 14.0 3.0
44 343 0.679 23.0 6.0
30 3.03 0.880 33.0 6.0

Launch of the PLANCK mission is planned for February 2007; it is intended that the
satellite should be placed in orbit around the second Lagrange point L2. The observation of
the radio sky is to begin in July 2007. The preliminary scenario of the strategy for scanning
the sky is shown schematically in Fig. 9.3. The general rotation of the satellite is maintained
in the plane of the ecliptic, at constant Sun—Earth—satellite orientation. The rotation axis of
the satellite remains constant in the selected coordinate system for an hour, during which time
the optical axis performs 60 or 120 revolutions (with fixed orientation of the rotation axis).?
Then the orientation of the rotation axis is changed by 2.5 arcmin; this operation is repeated
once every hour. As the satellite changes its position relative to L2 and its rotation, the orbit
slowly deviates from the plane of the ecliptic by an angle <10°. It is anticipated that the
entire radio sky will be covered during the first year of observation. The special distinction
of the PLANCK project from those already implemented in measuring the anisotropy and
polarization of primordial radiation lies in a detailed preliminary analysis, simulation and
development of techniques for eliminating systematical effects that include the calibration
of antenna’s profile and elimination of low-frequency noise (the 1/f noise), etc. (for details
see the PLANCK web page given in the footnote on p. 228).

Even though the problem of the elimination of systematics is extremely important and
timely, it is natural that maximum interest is concentrated on the new horizons of the physics
of primordial radiation; we will explore this in more detail in the following sections.

9.2 Secondary anisotropy and polarization of the CMB during the

reionization epoch

This section presents one of the new concepts in CMB physics devised by the scien-
tific community in recent decades in response to the impressive achievements of experimental
research. As recently as the 1980s the hypothesis of a more complicated ionization history
of the cosmic plasma than that predicted by the standard model of recombination (Peebles,
1968; Zeldovich et al., 1969) was discussed in the literature with reference to the problem of
the absence of anisotropy in primordial radiation at the level AT/ T ~ 1072-1073. It is very

3 Precisely these two options are discussed in various versions of the scanning strategy.
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unlikely that anyone at the beginning of the 1980s could seriously foresee that progress in
optical and radio astronomy would virtually overturn our concepts concerning the structure
and evolution of the Universe and open not only theoretical, but also (more importantly)
experimental possibilities of studying the process of the birth of structures in the Universe.
Nevertheless, after the discovery of objects with redshifts of z > 6 and of large- and small-
scale anisotropy of primordial radiation, the time has come to analyse the new possibilities in
the structure and evolution of the Universe, in which the physics plays a very important role.
The immensity of the problem dictates that certain requirements should be imposed on both
theory and experiment, but also that it should stimulate progress in both. In the CMB field,
this makes us reexamine the processes of formation of the CMB anisotropy and polarization,
taking into account the fact that this radiation propagates toward us not through vacuum but
through space filled with mature galaxies or galaxies and clusters in the process of formation.

The evolution of these objects transforms the gravitational energy of matter into radia-
tion, acting as a gigantic reactor. This radiation lies in various ranges of the spectrum and
affects the properties of the medium through which the primordial radiation reaches the ‘last
scattering” surface (at Z ~ 10°) as quanta propagate toward the observer (z = 0). The term
‘last scattering” must now be used quite justifiably in quotes since the quanta of the CMB do
undergo some — fortunately slight — scattering on the way.

A reservation must be made here: the moment we ‘move’ to the level of signals gener-
ated in the epoch of the secondary plasma ionization, we come very close to the limit of
sensitivity and angular resolution of today’s experiments and of those planned for the future.
Therefore, a reasonable lower bound on the level of the signal must be introduced into the
theoretical studies of the effects of secondary anisotropy generation that would automati-
cally put constraints on the types of processes that result in the formation of anisotropy and
polarization above the prescribed limit. For such a reasonable threshold, it is natural to set
the limit AT ~ 1-3 uK on the area 1.5" x 1.5’ that corresponds to the sensitivity limit both
in amplitude and in the angular scale of the PLANCK experiment. Then we automatically
narrow the scope of physical processes that we consider to be responsible for the formation
of the CMB anisotropy to the following sequence: the effect of attenuation of primordial
anisotropy, the linear and quadratic Doppler effects, and lensing effects.

These effects reflect the emergence of both the gravitational influence of the evolving
perturbation of CMB and the effects of additional scattering that arises at relatively small
redshifts, z < 1-20.

9.2.1 Attenuation of primordial anisotropy and generation of polarization

In this subsection we wish most of all to emphasize the fact that the main role in
the formation of the secondary anisotropy of the CMB in the reionization epoch is played
by the background of the cosmological hidden mass, whose particles do not interact elec-
tromagnetically with the photons of the primordial radiation. As a result, perturbations in
the hidden mass evolve independently from the CMB. The second most important conclu-
sion that follows from the comparison of theoretical predictions and the BOOMERANG and
MAXIMA-1 data, and having the most important predictive power for WMAP and PLANCK,
is that the reionization of cosmic plasma was not accompanied by any significant increase of
the optical depth 7 relative to the Thomson scattering; the most probable constraints on tp
give t7 < 0.1-0.3 (Tegmark and Zaldarriaga, 2000).
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Figure 9.3 Anisotropy spectrum for a number of models. The solid curve corresponds to
the standard model (see Fig. 9.2). Long-dash curves correspond to the model with delayed
recombination; short-dash curves to the spectrum with n = 0.95, and the dotted curve
represents the standard model with the optical depth of reionization, 7 = 0.1.

A point of principal importance for analysing the secondary anisotropy of primordial
radiation generated by scattering of quanta by electrons in the reionization epoch is the
emergence of this ‘secondary contact’ which is immediately followed by a Doppler scattering.
This additional scattering at relatively late stages of evolution results first of all in attenuation
of the level of primary anisotropy by a factor e~* which does not exceed 10% at T ~ 0.1
and 40% at T ~ 0.3. At the same time, if we take into account the expected sensitivity of
the PLANCK mission, this attenuation should be detectable, especially as far as polarization
effects are concerned (Naselsky et al., 2001). To illustrate this argument, we consider several
modifications of the extensively used cosmological model ACDM with the following set of
parameters: o, = 0.127, wp, = 0.019, Q5 = 0.7, h = 0.65, Qx = Q. = 0.

Figure 9.4 compares the results of the simulation of the CMB anisotropy spectrum with
the data of the BOOMERANG, MAXIMA-1 and CBI experiments for various modifications
of the initial cosmological model. The value z.. = 15 was chosen as the redshift of the
reionization epoch, providing the optical depth Tt ~ 0.2. For comparison, Fig. 9.3 gives the
spectra of the CMB anisotropy in models that are close to the standard one and include grav-
itational waves (r, = 0.15), a slight slope of the power spectrum for adiabatic modes relative
to the Harrison—Zeldovich spectrum (n = 0.95), and a model with ‘delayed’ recombination
(ea = 7).

We see from Fig. 9.3 that these models are practically indistinguishable if we stay within
the observational data array. However, they will all be significantly different from one another
at the sensitivity level of the PLANCK mission (see Table 9.2).

A point of special interest is the response of the spectrum of the E mode of CMB polariza-
tion to the secondary ionization epoch. In contrast to anisotropy, which is mostly decreasing
in the range | < 10°-2 x 103, substantial anomalies arise in the power spectrum of polar-
ization that reflect specific features of the ionization history in this period (see Figs 9.4 and
9.5).

The physics of generation of these anomalies was studied in detail (for references, see
Zaldarriaga (1997)). The hypothesis that underlies this analysis is that hydrogen reionization
in the epoch of redshift z.. completes over a characteristic time AZ < Ze.. In fact, we



232 The ‘Planckian era’

60

50

40

30

20

{H+DC)/2m (uK?)

10

LN/ . | . . . |

500 1000
1

1500 2000
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Figure 9.5 Cross-correlation of anisotropy and polarization. The notation is the same as in
Fig. 9.3.

can assume as a zeroth approximation that the degree of ionization of hydrogen xy = O for
Z > Z, while Xg = 1 at Z < Z.; that is, hydrogen becomes completely ionized. The level of
the additionally generated polarization can then be readily evaluated as follows. We remarked
in Chapter 6 that the main source of polarization of the background radiation is the scattering
of quanta by electrons that move in the field of this radiation. The important factor for the
generation of polarization in scattering is the quadrupole component AT /T o vy, where
vy, is the peculiar velocity of electrons. Therefore, the level of the effect is on the order of
Ap(K) o< Ktr AT, where K is the wave factor and A, (K) is the polarization amplitude at each
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Figure 9.6 The spectrum of the polarization E component in the standard CDM model with
the optical depth of reionization T = 0.1 (dashed curve). The solid curve corresponds to the
SCDM model. Adapted from Zaldarriaga (1996).

point K (Zaldarriaga, 1997). A detailed numerical analysis of the dynamics of polarization
generation can be carried out using the previously mentioned software package CMBFAST.

Figure 9.6 illustrates the behaviour of the CMB polarization in the standard CDM model
with reionization taken into account (tr =~ 0.1) (Zaldarriaga, 1997). We see from this figure
that the main specific feature of the spectrum is the emergence of a peak in the | < 10 area
and the practically unchanged shape of the spectrum in the | > 40 range, as we had in the
model with 7t = 0. Note that the generation of such peaks in the polarization power spectra is
typical of the cosmological models that include a virtually instantaneous change in the degree
of ionization in hydrogen in the z.. epoch. The question arises of how the predictions of the
theory are changed if hydrogen reionization occurs not jumpwise but gradually, beginning
with redshifts z > 10 up to z ~ 5-10. One of the possible versions of this ionization solution
was analysed in Doroshkevich and Naselsky (2002) for the case of the model of decay of
supermassive particles that generate the flux of superhigh-energy cosmic rays at the surface
of the Earth. Decays of these particles, from the hydrogen recombination epoch and up to
the present time, result in gradual ionization of hydrogen, the dynamics of which is plotted
in Fig. 9.8 (for notation, see Section 3.11).

Figure 9.9 plots the power spectrum of polarization for ionizer models shown in Fig. 9.8.
We see from this power spectrum that no peak is formed in this case; however, a considerable
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& = 3/(1 + 2) (see the text).

1 10

rise in power takes place by more than an order of magnitude in the range | < 20. A legitimate
question is: are the WMAP and PLANCK missions capable of detecting these sort of pecu-
liarities of the ionization history that reveal themselves in the polarization spectrum? Leaving
aside the role played by galactic and extragalactic noise in polarization experiments till the
following section, we give in Fig. 9.9 the comparative sensitivity of polarization measure-
ments in WMAP and PLANCK. This figure clearly shows that the sensitivity of PLANCK at
20 < | < 100 greatly exceeds the potential of WMAP and is mostly limited by the presence
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Figure 9.9 A comparison of the possibility for PLANCK to measure the polarization
components E and B. Adapted from Delabruille (2004).

of galactic and extragalactic noise and the previously mentioned ‘cosmic variance’ effect (see
Chapter 5). For this effect, the error level AC(1)/C(l) ~ (I - fg)~/? at| < 200 is found to
be on the order of 10%, (I/100)~!/2, with total sky coverage (fgqy = 1).

We see that even if | ~ 10%, with the relative accuracy of measuring C(l) expected to be
about several tens of per cent, PLANCK’s instruments will safely detect the signal. Therefore,
one of the most important elements of the CMB physics involved in launching this mission
is a unique possibility of testing the Z < 10 epoch. Hence, polarization measurements may
bring us closer to the current age of the Universe.

9.2.2  Linear and quadratic Doppler effects
In addition to attenuating the primordial anisotropy in the course of reionization,
scattering of quanta by free electrons generated secondary anisotropy both in the v/c-linear
and in the non-linear approximations. The physics of the linear Doppler effect does not differ
from the case of generation of primary anisotropy but possesses a number of specific features.
First, we need to take into account the gravitational growth of perturbations of density and
peculiar velocities of dark matter whose distribution correlates with that of the baryonic
fraction of matter, at least on scales accessible to PLANCK observations. Secondly, the
growth of perturbations in the baryonic fraction of matter results in an additional modulation
of electronic density N, = Ne(1 4 Jp). This modulation produces fluctuations of optical depth
Atr ~ &, and hence the anisotropy response to the velocity field of electrons contains a non-
linear term ~ &, - vp. Taking this term into account in the generation of anisotropy reproduces
excess power in high multipoles, which is known as the Vishniak effect (Vishniak, 1987).
Figure 9.10 presents the aggregate picture of anticipated spectra for the linear Doppler
effect in comparison with the primordial anisotropy and the instrumental noise level in the
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Figure 9.10 A comparison of the contributions of the primary and secondary effects to the
CMB anisotropy spectrum. The dotted curve corresponds to the Sachs—Wolfe effect (ICV),
and the dash—dot curve corresponds to the linear Doppler effect; OV™ and OV stand for the
Vishniak effect in the non-linear and linear approximations, respectively, and SZ is the
Zeldovich—Sunyaev effect in the same approximations. Adapted from Cooray and Hu
(2000).

WMAP and PLANCK experiments (Cooray and Hu, 2000). Note that both these effects are
sensitive to the rate of plasma reionization (see Haiman and Knox (1999) and references
therein). At the same time, we need to emphasize that both the linear and the quadratic
Doppler effects in the range | < 2000 are lower than the primordial anisotropy by almost 2-3
orders of magnitude, and their experimental investigation constitutes a serious problem for
the PLANCK experiment.

Figure 9.10 (taken from Cooray and Hu (2000)) also shows contributions from the
Zeldovich—-Sunyaev effect described in detail in Chapter 3, with the spatial distribution of
galaxy clusters in the epoch of their formation taken into account. As we saw for the Doppler
effect, the contribution of the Zeldovich—Sunyaev effect is found to be 1 to 2 orders of mag-
nitude lower than both the level of primordial anisotropy and that of the instrument noise in
the | < 2000 range. In the | > 2000 range, the role played by the Zeldovich—-Sunyaev effect
becomes better pronounced. Moreover, the frequency dependence of C(l) warrants the hope
that this effect will be studied in detail in the framework of the PLANCK project. Our opti-
mism is based to a large extent on the recent results of the land-based CBI experiment (Bond
et al., 2002; Mason et al., 2003) in which the first indications of the presence of the signal
in the range | >~ 2000-3500 were obtained. We would like to point out that the statistical
reliability of this result at high | is not large; nevertheless, the attempt to ‘peek’ into the part
of the spectrum where secondary anisotropy effects predominate is of great importance, both
for progress in the theory and for future experiments.
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9.3 Secondary anisotropy generated by gravitational effects

In this section we wish to take a closer look at the analysis of gravitational effects
that distort the spectrum of primordial CMB anisotropy. We must immediately make the
reservation that the possibility of detecting these effects is predicated on the unique parameters
of the PLANCK mission.

Gravitational effects include the previously discussed Sachs—Wolfe effect (Sachs and
Wolfe, 1967) for that part of the perturbation spectrum which is still evolving in the linear
mode, and the effect of ‘scattering’ of quanta on perturbations of the gravitational potential
produced by non-linear structures (Rees and Sciama, 1968). This latter effect, known as
the Rees—Sciama effect, is found to be extremely small for the CDM model with adiabatic
inhomogeneities — for clearly understood reasons. Even if the density contrast § >> 1 on
the inhomogeneity scale A < Ct, non-linear additions to the potential cannot be larger than
8¢ ~ (1/ct)? 8. For typical scales of structures A > 1 Mpc and ct ~ 10* Mpc, potential per-
turbations will be Agp ~ 10788. Even if on these scales § ~ 10-102, Ag should not exceed
the 10° level, and density perturbations for realistic values of the mean-square level should
be even smaller (Seljak, 1996a,b).

One of the most important and non-trivial gravitational effects capable of significantly
distorting the spectra of primordial anisotropy and polarization is the effect of lensing of the
primordial radiation background in the course of propagation through space. The gravitational
lensing of quanta on objects ‘clustered’ into large-scale structures results in distortion of the
spectra of CMB anisotropy and polarization. Obviously, if there is no primordial anisotropy,
the lensing effect cannot generate it all by itself. At the same time, primordial anisotropy
may be significantly distorted in the process of propagation of quanta from the surface of last
scattering (z = 10%) toward the observer or owing to additional scattering if reionization is
taken into account (z ~ 10-20).

In the approximation of weak lensing, the angle by which rays are deflected is related to
the projection of the gravitational potential by the following formula (Kaiser, 1992):

OL(m) = Z/rodr Ga(ro — 1) o(r, rr) ©.1)

BTN T dadatr '
where r(2) = foz dZ/H(Z); H(Z) is the Hubble parameter, ro =r(z = 00), da(r) =
HO_IQEI/2 sinh(HoQk/zr) is the angular diameter, Qx = 1 — Zi Q;, ©; is the density of
the i th component in units of critical density, and ® is the gravitational potential. As we see
from Eq. (9.1), the angle @y is related to the projection of the gravitational potential gradient
on the direction M as follows:

O (M) = VO(m).

As a result of the deflection of rays from the initial direction in the course of lensing, the
biased value of the the CMB anisotropy in the i direction is now related to the initial values
(without lensing) by

ATL(R) = AT + Oy). 9.2)

Owing to the non-Gaussian type of potential distribution, the distribution of éL around
i will also be non-Gaussian, and therefore the statistical properties of the lensed signal
ATy will be different from the properties of the pre-lensing signal. The lensing effect then



238 The ‘Planckian era’

6x103 T T
< 4x10° |- B
IS L ]
L 2x108 - =
\6 4
= N
i 0
—2x10°2 I | I I | I I | I I ]
500 1000 1500 2000

l (a)
102 E T T \\HH‘ T T TTTTIT E
R 10 = E
el 8 g

S & 1
O N E 3
BN B E ]
\g E 0.1 E 3
T E A ]
< 001 &, R o
74 \ 3
r 1 C L \\ 7

702 Il Il Ll ‘ Il Ll Il ‘ Il Ll Il 10—3 Il Il L’v\AHH‘ Il Il \\HH‘\ Il
1000 2000 3000 10 100 1000

/ (b) (c)

Figure 9.11 The role played by lensing in distorting the spectra of the CMB anisotropy and
polarization. (a) Cy is the anisotropy spectrum, Cgj and Cg, are the spectra of lensed E
component and T — E correlations. Solid curves correspond to models without lensing,
dashed curves trace distortions when lensing is taken into account. The difference between
the lensed and non-lensed spectra are shown for temperature (E) and polarization (c).
Dotted curve: corresponds to the contribution of the B mode, and C§" corresponds to the
contribution of gravitational waves. Adapted from Zaldarriaga and Seljak (1998).

perturbs the spectrum of the CMB anisotropy and polarization (see, for example, Hu (2002)
and Zaldarriaga and Seljak (1998)).

Figure 9.11 plots the anticipated levels of distortion of the CMB anisotropy and polariza-
tion spectra caused by lensing (Zaldarriaga and Seljak, 1998). As expected, this effect leaves
the anisotropy spectrum practically undistorted around the first three peaks and becomes
significant (at the level §C(I)/C(l) ~ 5%) only with | > 1200 (see Fig. 9.11(b)). For polar-
ization, the same effect results in 5% deviations at | ~ 200, which increase to 10-20% at
| > 1000.

As a result, taking lensing effects into account acquires maximum importance for the
analysis of future experimental data of the PLANCK mission because, on the one hand,
lensing distorts the anisotropy and polarization spectra and, on the other hand, it makes the
signal non-Gaussian. Both manifestations of lensing may lead to incorrect values of the most
important cosmological parameters (listed in the introduction to this chapter) if they are
extracted from the PLANCK data ignoring lensing. What we face here is another extension
of the horizon of applications of the primordial background radiation as a kind of probe of
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the state of matter in the Universe; we can achieve this due to the unique characteristics of
the PLANCK mission.

94 Galactic and extragalactic noise

When we discussed the data that were potentially achievable from the PLANCK
mission and compared them with the sensitivity of ongoing experiments earlier in this chapter,
we emphasized that observational data are not free from noise. It was often sufficient for a
theoretical simulation of various effects to use the simplest model of instrumental noise,
considering it not to be correlated with either the signal or with itself. This model of ‘white
noise’ is frequently sufficient for halting the flight of imagination at a reasonable level (as far
as experimenters are concerned) and to narrow down the set of effects that need to be taken
into account in analysing observational data. However, in addition to instrumental errors that
include the effects of systematics, there exists another class of noise, one that cannot be
eliminated in principle and which reflects the simple fact that together with the Earth and the
Sun we exist on the periphery of the Galaxy and are surrounded by magnetic fields, cosmic
rays, clouds of dust and gas, etc., and also stars, whose radiation activates the components
mentioned above. In other words, the experimental conditions are far from ideal, especially
if we take into account that if other galaxies differ from ours, they are typically even worse
as far as noise is concerned.

The factors given above are usually separated into galactic and extragalactic sources of
noise; their radiation covers a broad range of wavelength bands from the long-wavelength
radio background (A > 0.5 m) up to superhigh-energy cosmic rays (see Chapter 1). From the
practical point of view, we will now concentrate on that range of radiation frequencies that are
generated by galactic and extragalactic sources of noise and stretches from 30 to 900 GHz, in
correspondence with the possibilities of the LFI+HFI instruments of the PLANCK mission.
Note that this frequency range covers all bands — including the current ground-based experi-
ments and balloon missions — and in this sense is the most general for analysing various sorts
of noise.

Therefore, to predict the contribution of galactic and extragalactic noise to CMB anisotropy
and polarization maps, one inevitably has to extrapolate the known results obtained in other
experiments or those belonging to adjacent frequency ranges. The same is true in the case of
high uncertainty of spectral characteristics of the noise. In this connection the results of the
WMAP and PLANCK missions appear to be also important in the context of studying the
radio background of the Universe, including its cosmological component.
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Conclusion

This book is devoted to a systematic discussion of the physics of the cosmic microwave
background. This field of physics is very complex and involves an enormous diversity of
processes that occur in the course of expansion of the Universe. The CMB proved to be a
true ‘goldmine’ for extracting scientific information on these processes; it has in fact grown
into the central branch of modern cosmology. Comparing this highly perfected theory with
observational data makes it possible to obtain essential information on the early Universe
and on the physical parameters of the Universe as a whole.

Combining these results with results from other branches of astrophysics, such as the
large-scale structure of the Universe, supernovae, etc., provides a robust basis of modern
cosmology.

Results from BOOMERANG, MAXIMA-1, ARCHEOPS, CBI, DASI and WMAP were
so important that they have taken the field into the era of ‘precision cosmology’. As we
have discussed, these studies have produced impressive constraints on many fundamental
cosmic parameters and have led to a very definite picture of the structure and evolution of the
Universe. As a result, one could become overexcited and declare that almost everything in
cosmology is now known. However, we want to emphasize that even after those remarkable
projects, the study of CMB physics is not coming to an end. There are still many unsolved
problems in cosmology, and another generation of satellite experiments, as well as ground-
based and balloon-borne experiments, is needed. The deeper science penetrates and the more
mysteries it solves, the more problems it discovers, each more daunting and less predictable
than the last.

Among the fundamental problems which arose after the recent success of cosmology, we
mention the following.

(a) What is the nature and origin of ‘dark energy’? How did it evolve?
(b) Why does Q25 =~ 0.73 in the current state of the Universe?

(c) What is the nature of ‘dark matter’?

(d) Why does Q4m 22 0.3? What theory could provide this value?

These problems present a tremendous challenge. Thus, serious work on these and other
cosmological problems continues.

There are also problems and uncertainties directly related to the interpretation of recent
observational data. Recent experiments focused much attention on the separation of the
primordial cosmological signal from noise and the foreground and on the statistical properties
of the signal.

240
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As we discussed in Chapter 8, sophisticated non-Gaussianity testing on derived maps from
first-year WMAP data shows significant non-Gaussian features. What are these features?

(a) Could they be foreground residuals? If yes, then what is wrong with the methods of
separating the primordial signal and the models of the foreground?

(b) Could they be systematic effects? If yes, then what kind?

(c) Or could they exhibit primordial non-Gaussianity? If yes, then this is a fact of great
importance. The physics of their origin would probably be related to the origins of ‘dark
energy’ and ‘dark matter’.

In addition, we want to emphasize that the assumption that the statistical properties of the
primordial CMB signal are Gaussian is the crucial requirement for deriving cosmological
parameters from temperature and polarization power spectra.

Should the primordial CMB signal possess a non-Gaussian origin in the form of a quadratic
non-linearity in the gravitational potential, the connection between Cr(l), Cp(l) and the cos-
mological parameters would need additional, probably non-trivial, investigation. The impor-
tance of the non-Gaussianity of the CMB signal can be illustrated by assuming that at some
range of multipoles, say | ~ 200, the & coefficients of the spherical harmonics expansion of
the anisotropy AT are highly correlated. Without comprehensive testing for non-Gaussianity
in the map, these correlations can easily mimic the first acoustic peak of the Cr(l), leading
to the wrong conclusions about the properties of the CMB and cosmological parameters.
Preparation and implementation of sensitive non-Gaussianity tests on the anisotropy and
polarization maps is therefore pivotal for the PLANCK mission.

Another important problem scientists are working on now is the ionization history of the
Universe. We discussed this problem in Chapters 3 and 9. Here we want to emphasize that
the study of the reionization process is a crucial test of the correctness of our knowledge
of the processes of the formation of structure in the Universe. It also tests our knowledge of
the possible nature of the hypothetical unstable particles, the decays of which influenced the
kinetics of hydrogen recombination.

We also want to mention the following important problems, which are related to CMB
science and are under active study by cosmologists.

First of all, there is an open question regarding primordial gravitational waves. Polarization
measurements of the CMB can serve as a detector of stochastic background of the primordial
gravitational waves. As we discussed in Chapters 6 and 7, the pattern of polarization directions
in the sky will be different if a stochastic primordial gravitational radiation exists. In this case
the so-called pseudoscalar or ‘magnetic’ part of the polarization would not be equal to zero.
It should be emphasized that the inflation model predicts the existence of such radiation.
These measurements, then, with better precision than those of DASI and WMAP, will open
a window on the early Universe.

These investigations are especially important because there is a huge project, the Laser
Interferometer Space Antenna (LISA), which may allow direct detection of a continuous
spectrum of primordial gravitational radiation. Comparison of the PLANCK and LISA results,
obtained by these absolutely different methods of observation, is extremely important.

It should be mentioned that the possible existence of a primordial magnetic field can also
be tested using CMB observations (Naselsky et al., 2004). Another fundamental problem of
modern cosmology is the possibility of other types of primordial perturbations in the early
Universe, different from the adiabatic ones (for example, isocurvature perturbations).
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We should remember that the impressive constraints on many fundamental cosmic param-
eters, produced by WMAP and other projects, reside within the framework of a definite
cosmological model. If we take into account the possibility of a wider class of cosmologi-
cal models, it may be that the actual uncertainty is much greater. We will have to wait for
forthcoming observations to reduce the current uncertainties.

After the beginning of the era of ‘precision cosmology’, the number of questions affect-
ing the basic fundamentals of cosmology increased significantly. And the show goes on!
Both cosmological and physical communities are now working on future projects such as
PLANCK, ALMA, LISA, etc., and there remains plenty of room for surprises.
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