
Abstract. The anisotropy and polarization of cosmic microwave
background radiation provide the most powerful tools for mod-
ern cosmology. At present, many experiments for observing
these phenomena are either being conducted or prepared, which
holds promise for yielding the fundamental parameters of the
present and early universe; for shedding light on the crucial
current problem of the existence of gravitational waves; and
for solidly contributing to elementary particle and high energy
physics. In the present paper the formation mechanisms of
anisotropy and polarization are briefly discussed. The latest
experiments in the field, in particular the WMAP experiment
aboard a special spacecraft, are given particular attention.

1. Introduction

We are living in an expanding Universe. Its kinematic and
dynamic properties are characterized by the scale factor a�t�
and its dependence upon time. The ratio of the present-day
scale factor to its value at some previous epoch is called the
redshift of this epoque and is denoted by z.

In the past, when the scale factor was about 1000 times
smaller than now, the Universe was filled by high-tempera-
ture plasma consisting of electrons, protons, massive weakly
interacting particles, and photons. The number of photons
was much larger than the number of baryons (by several
billion times). This is why the Universe is called `hot'. As the
Universe expands, its temperature decreases and it cools
down. While the expansion rate is much smaller than the
characteristic rate of the establishment of thermodynamic

equilibrium in the hot plasma, the plasma particles are in
thermodynamic equilibrium. The photon is one such particle.
It is these photons that are called `relic' and are observed as
the cosmic microwave background (CMB).

Despite the fact that the photon propagates in a vacuum
with the speed of light, in a hot dense plasma photons move
much slower due to scattering on electrons. When the
Universe expands such that the plasma cools down to the
recombination temperature, electrons start recombining
with protons to form neutral hydrogen, and photons start
propagating freely. Points from which photons reach the
observer form the so-called `surface of the last scattering'.
This is the unique source in the Universe which encircles us
from everywhere.

At the time of recombination, the temperature of the last
scattering surface was about 3000 K. Now it is 1000 times
smaller. This decrease occurred due to the expansion of the
Universe.

The CMB has a unique property. Its temperature exhibits
astonishing isotropy. It is isotropic with an accuracy of one
part in 1000. Nevertheless, a small anisotropy still persists.
The anisotropy is the temperature difference observed from
different directions in the sky. Its value is approximately
3 mK. This is due to the Earth, the solar system, and our
Galaxy moving through CMB with some peculiar velocity.
Three mK is the kinetic component of the CMB anisotropy
called the dipole anisotropy: ahead of us (in the direction of
motion) the temperature is slightly higher, while behind us (in
the opposite direction of motion) it is slightly smaller.

In addition to the kinetic component, the CMB aniso-
tropy has potential terms which are due to gravitation fields
of very large scales comparable to particle horizon or in other
words, to the distance to the last scattering surface. The
lowest harmonic in such a gravity field is a quadrupole. This is
because 1 a gravity field possesses no dipole harmonic. The
dipole harmonic emerges only in the fields that have charges
with different charge to mass ratio. The gravity field is
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1 Here we remind the reader that all bodies have the same acceleration in a

gravity field.



produced by masses which all have the same charge to mass
ratio. The degree of inhomogeneity of the gravity field is
characterized by tidal forces, the lowest harmonic of which is
a quadrupole.

Let us consider the basic equation that describes the CMB
anisotropy and principal physical effects that cause the
anisotropy. The equation describing temperature changes in
the direction of vector e reads
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The first term in this equation describes the Sachs ±Wolf
effect 2, which was predicted at the beginning of the 1960s by
Sachs andWolf and is simply the fact that photons moving in
changing gravitational potential either acquire or lose energy.

The second term is due to the Silk effect. Imagine that
there are some density fluctuations at the last scattering
surface. Fluctuations in the baryon density are accompanied
by photon density fluctuations as (and this is firmly proved)
the entropy across the space is also astonishingly homoge-
neous, to a much larger degree than CMB. The essence of the
Silk effect is as follows. In a region with enhanced baryon
contrast the contrast of photons is enhanced too.

The third term is due to the Doppler effect. The last
scattering surface, more precisely, the matter which forms it,
can move. If some part of this surface moves towards us then
the photons it emits get bluer, if it moves away from us, the
photons get redder. Depending upon the velocity, more
precisely, upon the projection of the velocity vector on the
line of sight, we observe a bluer or redder shift in the photon
energy, and for temperature this appears as anisotropy in a
given direction.

As the last scattering surface is a sphere, the simplest way
to analyze the anisotropy of CMB is the expansion of the
observed temperature fluctuations into spherical functions,
which constitute the full and orthogonal set of functions on
the sphere:

dT�y;f� �
X1
l�2

almYlm�y;f� ; �2�

where alm are coefficients calledmultipole coefficients andYlm

are spherical harmonics. It should also be noted that it is more
convenient to represent and compare results of observations
and theoretical calculations in terms of quantities which are
rotationally invariant and do not depend upon a particular
choice of the reference frame. It is worth remembering that
several frames are used in astronomy: the equatorial
coordinate system connected with Earth, the ecliptic system
related to the location of Earth's orbit, and the galactic
system. In each of these systems coefficient alm will take
different values. The point is that they are not rotationally
invariant. So one usually chooses the so-called rotationally
invariant quantity

Cl � 1

2l� 1

Xl�m
l�ÿm
jalmj2 �3�

which is adequate for the analysis. The spectrum is con-
structed for l �l� 1�Cl=2p. This is due to the fact that when
multiplying Cl by l �l� 1�, the spectrum exhibits the so-called
Harrison ±Zel'dovich plateau which looks like a horizontal
line. As we shall see, most experimental data on multipole
CMB spectra use this normalization.

For more information on the modern concepts of the
structure and evolution of the Universe see books [1 ± 5].

2. Discovery of anisotropy and recent
experiments

It should be mentioned that CMB, detected in 1965, has been
the most significant discovery in cosmology since Hubble's
discovery of the expanding Universe. The CMB dipole
anisotropy (motion through CMB) was detected in 1972.
(The present-day value of the dipole harmonic amplitude is
� 3 mK.) After that, radio astronomers improved radio-
meters for 20 years and ultimately registered the CMB
anisotropy at higher harmonics, which is related to primor-
dial fluctuations of gravity field that provided us by
information on the early Universe.

The large-scale CMB anisotropy was discovered in 1992
when analyzing data obtained by the `Relikt' satellite. In
January 1992, at a seminar at Sternberg Astronomical
Institute, our group claimed to have detected the CMB
anisotropy, although with a marginal signal-to-noise ratio
on the order of three. We published a paper in Soviet
Astronomy Letters and sent it in parallel to Monthly Notices
of Royal Astronomical Society where it also appeared after
several months [6, 7].

By that time, the NASA satellite COBE (from COsmic
Background Explorer) was in orbit. It was an apparatus
similar to the `Relikt' satellite but with higher sensitivity.
COBE had three frequency channels with two radiometers in
each. Shortly after our paper [6], the COBE group published
their results [8] and announced the detection of CMB
anisotropy.

Multifrequency analysis allowed the COBE group to con-
fidently separate the anisotropy at the last scattering surface
from that of galactic and extra galactic radio emissions. This
fact, as well as the higher signal-to-noise ratio achieved after
the termination of the experiment (COBEoperatedmore than
4 years), allowed the NASA scientists to relate the CMB
anisotropy discovery with the COBE results.

Since 1992, many experiments have been performed to
observe CMB anisotropy both from the ground and from
balloons, but the sensitivity of radiometers in those experi-
ments is approximately the same as in the `Relikt' and COBE
satellites. Nonetheless, the multipole spectrum was con-
structed, which coincided with the theoretical one displaying
the Harrison ±Zel'dovich plateau and containing the first
Doppler peak (Fig. 1). However, data from these experiments
have large uncertainties due to the low sensitivity of the
radiometers used.

A new generation of radiometers was realized in the
BOOMERang experiment [9]. In 1998, a balloon flight was
undertaken, loaded with the BOOMERang experiment
equipment. The balloon made a full circle above Antarctica
which allowed the researchers to construct a radio brightness
map of a small area in the sky. Only 5% of the full sky area
was measured. Nevertheless, the area was successfully chosen
such that there were no strong extragalactic radio sources and
the synchrotron radiation intensity was minimal.

2 In cosmology the redshift which causes the anisotropy is often called the

Sachs ±Wolf effect.
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As a result, the CMB anisotropy spectrum was measured
(the so-called Cl-spectroscopy), which revealed the presence
of the first, second, and third Doppler peaks. Presently, the
experimentalists claim to observe five peaks. Since the size of
the measured sky map was small, the minimal value of the
multipole number measured in this experiment is l � 26. So
the matching with the Harrison ±Zel'dovich plateau was
approximate.

Soon after that the Archeops balloon experiment was
performed [10, 11] (see also the web-site of the Archeops
experiment [12]). It was designed in France with the
participation of many European researchers. Russian cos-
mologists A A Starobinsky and I A Strukov also took part in
this experiment. This experiment is considered as the
predecessor of the high-frequency part of the future `Planck'
experiment.

In the course of this experiment, several balloon flights
were made, the last in February 2002. The balloon was
launched in Sweden and landed in Norilsk.

Experimentalists rapidly processed the obtained data. A
record sensitivity of about 100 mK was achieved. The out-
come of this experiment was a sky map covering 30% of the
total sky area with an angular resolution of 8 arc minutes at
143 GHz.

The Archeops results are presented in Fig. 2. The value
l �l� 1�Cl divided by 2p is plotted against l. The measure-
ments allowed the determination of multipole amplitudes
from l � 10 to l � 150. The fraction of the Harrison ±
Zel'dovich plateau, an almost constant value of l �l� 1�Cl

from l � 2 to l � 30, is clearly seen in the figure. The residuals
from two spectra obtained using two different methods (the
bottom plot) is comparable to zero.

Using theCl spectrum, one can determine the spectrum of
fluctuations in the Universe, as well as global cosmological
parameters: the total density of the Universe and its
constituents, such as the baryon density, the density of dark
matter, the density corresponding to the L-term, etc. For
example, the location of the first Doppler peak allows the
accurate determination of the total density of the Universe,
while its amplitude provides the baryonic content.

Before passing to the WMAP experiment, it is necessary
to describe one more experiment, called DASI [13, 14]. The
point is that in this experiment CMB polarization was first
detected. The CMB anisotropy itself is very tiny, the first
Doppler peak amplitude is on the order of 75 mK, and the
Harrison ±Zel'dovich plateau amplitude is about 20 mK. In
other words, the relative anisotropy is � 10ÿ5. The CMB
polarization, which provides invaluable information on the
modern and early Universe, has an even smaller amplitude.

In the DASI experiment, in which the CMB polarization
was measured for the first time, the Cl-spectroscopy from
l � 150 to l � 1000 was performed at different frequencies.

It should be remembered that electromagnetic radiation is
characterized not only by intensity, but also by three Stokes
parameters Q, U, and V. V is responsible for circular
polarization, Q and U describe linear polarization. We
remark from the very beginning that in CMB radiation only
linear polarization forms during the recombination, when the
optical depth for Thompson scattering changes from about
3 to 0.1, so cosmologists assume V � 0. The quantities Q, U,
and V are second-rank tensors upon a sphere. The CMB
intensity can be expanded in scalar spherical harmonics, while
the values Q and U should be expanded in the so-called
second-rank spin harmonics, which corresponds to rotation-
ally invariant expansions of a second-rank tensor [15 ± 17]:

Q� iU �
X
l;m

a�2lm Y�2lm �y;j� : �4�

In addition to new functions, in which expansion is
performed, the so-called E- and B-modes are distinguished
in polarization [17]:

aE
lm �

1

2
�a�2lm � aÿ2lm � ;
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2
�a�2lm ÿ aÿ2lm � : �5�

These modes correspond to two quantities with principally
different symmetry. The B-mode is anti-symmetric with
respect to parity transformations. This is very important
since the difference between the E and B modes will allow us
in the future to distinguish the contribution of density
perturbations to the anisotropy from that of gravitational
waves. The point is that density perturbations generate only
the E-mode of the CMB polarization, whereas gravitational
waves generate both the E- and B-modes. So measuring the
polarization allows the determination of the density perturba-
tion spectrum separately from the gravitational wave spec-
trum.
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Figure 1. Theoretical spectrum of the CMB anisotropy according to the

standard cosmological model.
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Figure 2.Multipole spectrum obtained by the `Archeops' experiment.

February, 2004 Anisotropy and polarization of cosmic microwave background: state of the art 189



DASI is the ground-based experiment performed at the
South Pole. The experiment registered the E-mode of
polarization. The B-mode was not detected. In order to
make sure that what is observed is the polarization of
radiation from the last scattering surface and not of the
synchrotron radiation, researchers plot the so-called fre-
quency index of the brightness temperature of the E-mode
and check whether it is zero or not. For CMB the frequency
index is exactly zero as the CMB temperature is the black-
body temperature and is independent of frequency, while the
brightness temperature of any other radiation, for example,
of synchrotron radiation, is a function of frequency.

3. The WMAP experiment

3.1 Description of the experiment
The nameWMAP is abbreviated fromWilkinsonMicrowave
Anisotropy Probe [18]. Initially, the satellite was named
MAP. The famous scientist David Wilkinson, who was one
of the authors of the MAP project, died in September 2002,
and in his memory his pupils and collaborators decided to
give his name to the MAP satellite.

The satellite represents an apparatus 830 kg in weight
(Fig. 3). It was launched in 2001 to the point L2, which lies
1.5 million km away from Earth in the direction opposite the
Sun.

The lifetime of the satellite at the working point was
assumed to be at least 2 years, with three months added to
bring it to the calculated point.

The satellite is devoted to measuring the CMB anisotropy
and polarization. The main goal of the experiment is to
construct an all-sky map with a sensitivity of not less than
20 mK per pixel 3 and systematical errors below 5 mK in each
pixel. The receiver system of the satellite consists of two
Gregory telescopes 1:4� 1:6 m. Several radiometers tuned at
different frequencies are installed in the telescope focus. The
radiometers' characteristics are collected in Table 1.

Each frequency has its own name. The two lowest
frequencies K and Ka serve for monitoring galactic emis-
sion, and the three highest frequencies Q, V, and W, are used

to construct maps of emission from the last scattering surface
(Fig. 4).

In February 2003, the WMAP group published several
papers with the first experimental results. In addition, a lot of
information can be found on the web-page of the WMAP
group [18], fromwhich we borrowed the image of theWMAP
satellite, dT maps, and plots of the anisotropy spectra and
cross-correlation of the anisotropy and polarization.

3.2 Results of the first year of operation
Let us discuss the most important results from the cosmolo-
gical point of view. The determination of the multipole
spectrum is considered in paper [19]. To construct a map at
any frequency, eight differential aggregates of radiometers
were used. Each unit comprised two radiometers sensitive to
mutually perpendicular modes of linear polarization.

After correcting all high-frequency maps for distributed
galactic emission and subtracting point-like galactic sources,
28 cross-correlation multipole spectra were reconstructed.
These data were united into the joint multipole spectrum
(Fig. 5). Note the two-humped structure of the first peak. This
phenomenon, discovered in the Archeops experiment, is
confirmed by the WMAP data.

The detection of cross-correlation between the anisotropy
and the E-mode of polarization, the so-called TE cross-
correlation, is discussed in paper [20]. The significance of
this cross-correlation exceeds 10s. The authors emphasize
that the discovered dependence agrees well with theoretical
predictions at moderate angles (y < 5�), but significantly
deviates for large angles (y > 10�). At large angles, an
appreciable increase in the cross-correlation is detected. To
explain this, cosmologists assume the presence of an ionized
medium lying between us and z � 20. The optical depth for

Figure 3. The WMAP satellite.

3 Pixel is the element of the image corresponding to the resolution of the

matrix receiving radiation.

Table 1

Frequency band K Ka Q V W

Frequency, GHz 22 30 40 60 90

Wavelength, mm 13.6 10.0 7.5 5.0 3.3

Number of channels 4 4 8 8 16

Resolution, deg 0.93 0.68 0.53 0.35 0.23

Sensitivity, mK
(pixel size 0:3� 0:3�) � 35 � 35 � 35 � 35 � 35

Figure 4. Sky maps obtained at different frequencies by WMAP (on the

periphery). The synthetic sky map constructed from the maps at different

frequencies is at the center.
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Thompson scattering is t � 0:17. As the optical depth up to
quasars with z � 6 is significantly smaller than this value, this
implies that the degree of ionization in the Universe
apparently evolved in a complex way.

Figure 6 shows the measured cross-correlation. The
strong excess at large angles (small values of the multipole
number l ) clearly points to the presence of an ionized plasma
between us and the last scattering surface.

The two simplest models of secondary ionization are
considered in paper [20]. The first model suggests the
instantaneous full ionization of plasma (xe � 1). In this
model, the redshift of the beginning of reionization is about
z � 17. But such a model would be in conflict with optical
observations of quasars and measurements of the optical
depth towards them. So the authors discuss another model, in
which ionization evolved in a more complicated way, which
leads to the beginning of reionization at z � 20. To realize
such a reionization scenario, a new generation of stars is
required, which should have been born at the epoch with
redshift z � 30.

Finally, in paper [21] the authors discuss global cosmolo-
gical parameters as inferred from the first WMAP results.
Initially, a simple six-parametric E-model is considered,
which can explain the observed anisotropy (the TT-spec-
trum) and cross-correlation between the anisotropy and the
E-mode of polarization (the TE-spectrum). These parameters

include the baryonic density Obh
2, the density of cold dark

matter (CDM) Omh
2, the Hubble parameter h in units of

100 km sÿ1 Mpcÿ1, the amplitude of the density fluctuation
spectrum A, the optical depth for Thompson scattering
during reionization t, and, finally, the spectral index of
density fluctuations nS. The authors argue that most para-
meters are well determined in the framework of this model.
Only two parameters provide exceptions: the spectral index ns
and the optical depth t. There exists a clear degeneracy for
these parameters. For example, the likelihood function
changes by only 0.05 when varying optical depth within the
range 0:11 < t < 0:19. The authors also specially remark that
in determining the Hubble parameter they utilized data
obtained by the Hubble Space Telescope [22].

The statistical analysis of the maps obtained revealed that
their fluctuations are Gaussian. The authors exploited this
property to study the surface of maximum likelihood by the
Markov chain method. For each model, they constructed the
N-dimensional distribution of the maximum likelihood
function in the parameter space. The best fit value of each
parameter was determined as the mean value

hpii �
�
dNpL�p� pi : �6�

The authors claim that the simple model provides an
acceptable description of the experimentally obtained
TT- and TE-spectra. However, the w2-values for the simple
model are inadmissibly large. For example, the approxima-
tion of the TT-spectrum by this model yields the value of
w2 � 1:09 normalized by the number of degrees of freedom,
whichmeans that the probability of acceptance for this model
is only 3%. The best-fit to the TT- and TE-spectra yields the
normalized w2 � 1:066, which is somewhat better. Never-
theless, the probability of acceptance of this model to
describe the TT- and TE-spectra is only 5%.

The w2-test was calculated using the formula

w2 � ÿ2 ln L

n
;

where n is the number of degrees of freedom. For the model
maps

ÿ2 ln L

n
� 1

was obtained.
The authors argue that this is due to the inability of the

simple six-parametric model to fit the sharp edges the
observed spectrum demonstrates at l � 120, near the first
peak and at l � 350. Moreover, the authors consider the
excess in the value of w2 to be caused by the underestimation
of the noise on the maps. The excessive noise on the maps,
they believe, can be due to the gravitational lens effect on the
CMB anisotropy (about gravitational lens see, e.g., [23]),
angular variations of the WMAP beaming, as well as the
small contribution of non-gaussian noise on the maps, which
appears when reconstructing two-dimensional skymaps from
one-dimensional scans.

In Table 2 we now list global cosmological parameters
obtained in this simple parametric model for the WMAP
data.

It should be noted that cosmologists approximated
experimental data assuming flat three-dimensional space,
i.e., in the framework of the standard cosmological LCDM-
model.
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In addition to these primary parameters inferred from
comparison of experimental data with the theoretical model,
the researchers also give a list of 16 cosmological parameters
(Table 3), derived using the primary parameters, with most of
them having been obtained by the CMBFAST code [17, 24]
and by integrating the Friedmann equations.

These parameters should be added to the density para-
meter associated with L: OL � 0:663.

Besides the simplest models with six parameters, the
authors [21] considered more complicated models with
additional parameters, in particular, the model with the so-
called running spectral index. Here, the density fluctuations
were assumed to depend on the wave vector in a more
complicated way than pure power law. This dependence can
be approximated by a near power law with small deviation

nS�k� � nS�k0� � dnS
d ln k

ln
k

k0
: �7�

The power spectrum of scalar perturbations is fixed at the
wave vector value k0 � 0:05 Mpcÿ1.

TheWMAP data alone are insufficient to derive the small
addition to the spectral index from observations. Other
results on the CMB anisotropy measurements should be

included, in particular, those of the ground-based experi-
ments ACBAR and CBI, the 2dFGRS galactic catalog, as
well as data on the La line distribution in spectra of remote
quasars.

Using only data on the CMB anisotropy would yield
dnS=d ln k equal to ÿ0:031ÿ�0:023ÿ0:025

�
, and when including data

on the La lines this value is ÿ0:031ÿ�0:016ÿ0:017
�
. These results

indicate that the effect (if any) is detected at the � 2s
significance level. Of course, the use of data obtained in
other experiments which utilized other methods somewhat
decreases the obtained value of the variable spectral index.

The authors also considered the possible contribution
from gravitational waves of cosmological origin to CMB
anisotropy. Gravitational waves should have been generated
during the inflation stage [25, 26] due to the parametric
amplification of gravitational waves [27].

The gravitational wave spectrum in the model under
consideration has a power-law dependence on the wave
vector, and the spectral index 4 is related to the ratio of
amplitudes of the two spectra as nT � ÿr=8, where r is the
ratio of two spectra at k � 0:002 Mpcÿ1. The contribution of
gravitational waves to the anisotropy has not been detected;
only the upper limit of possible contribution from cosmolo-
gical gravitational waves has been obtained. If one considers
only experimental data, the upper limit is r < 0:71; if one
imposes additional constraints (for example, by assuming the
spectral index to be smaller than one), the upper limit on the
power of gravitational waves in the Universe is more
stringent, r < 0:33.

More sophisticated models of our Universe are character-
ized by a large amount of global cosmological parameters.
Increasing the dimension of the parameter space naturally
increases the accuracy of the approximation of experimental
data. At the same time, many `degeneracies' in the parameter
space appear. A degeneracy can be demonstrated by the
following example. The available set of experimental data in
cosmology can correspond to two quite different models. For
example, say, themodel with a quintessence with the equation
of state w � ÿ0:5 and other parameters Om � 0:47, h � 0:57
fits the WMAP data just as well as the standard LCDM
model does. Clearly, the model of quintessence with the
equation of state w � ÿ0:5 was rejected based on the Hubble
parameter requirement to be 2s smaller than the value
inferred from the HST data [22]. On similar grounds, for
example, the model with non-flat three-dimensional space
and OL � 0, Ototal � 1:28,H0 � 32:5 km sÿ1 Mpcÿ1 was also
rejected.

Using the WMAP data combined with the 2dFGRS
galactic catalog, one can significantly restrict the contribu-
tion from all three neutrinos to the total density of the
Universe. At the matter dominance epoch, i.e., after
z � 3454, neutrinos must form a large-scale structure due to
gravitational instability. Simultaneously, their motion sup-
presses matter fluctuations at small scales. So by comparing
fluctuations on scales, which are studied in the CMB
anisotropy experiments, with those studied from galactic
clustering, one can derive the upper limit on the total density
of neutrinos. This limit is Onh

2 < 0:0076. Note that this value
significantly exceeds the contribution ofmassless neutrinos to
the total density. If neutrinos are massless, their fraction in
the density parameter is Onh

2 < 0:00006.

Table 2

Parameter Mean value (68% c.l.)

Baryon density Obh
2

CDM density Omh
2

Hubble parameter h
Amplitude of density perturbations A
Optical depth t
Spectral index ns

0:024� 0:001
0:14� 0:15
0:72� 0:05
0:9� 0:1
0:166� 0:073
0:99� 0:04

Table 3

Parameter Mean values (68% c.l.)

Density êuctuation amplitude in 8 Mpc s8 0:9� 0:1

Peculiar velocity measure s8O0;6
m 0:14� 0:15

Baryon density Ob 0:047� 0:006

CDM density Om 0:29� 0:07

Age of the universe T0 13:4� 0:3 bln years

Redshift of reionisation zri 17� 5

Redshift of recombination zr 1088 � 1

Age of the universe at recombination Tr 372� 14 thous. years

Last scattering density thickness Dzr 194� 2

Duration of recombination epoch Dzr 115� 5 thous. years

Redshift of matter and radiation
equality zeq

3454 � 388

`Sound' horizon size at recombination rs 144� 4 Mpc

Angular distance to the last scattering
surface da

13:7� 0:5 Gpc

Angular scale of acoustic
oscillations la � pda=rs

299� 2

Baryon density nb �2:7� 0:1� �10ÿ7 cmÿ3
Baryon to photon number density ratio Z �6:5� 0:3� �10ÿ10 cmÿ3

4 See the last section for the discussion of spectrum of scalar perturbations

and gravitational wave perturbations in the simplest inflationary model.
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An interesting phenomenon was noted in paper [21]. The
standard LCDM-model fits the experimental data well at
almost all angular scales but deviates at large (y � 60�) and
small angular scales.While the discrepancy at small scales can
be removed by considering the non-power-law spectrum of
perturbations, the deviations at large scales seem more
enigmatic. The authors discuss several explanations in the
framework ofmodern physics but come to the conclusion that
these deviations possibly signal effects of new physics.

4. Future experiments
and determination of inflation parameters

Balloon, ground-based, and cosmic experiments have mea-
sured the CMB anisotropy and reliably detected its polariza-
tion. In fact, only the E-mode of polarization has been
registered. The B-mode of polarization has not been
detected. New experiments are in preparation, some of
which are dedicated to detecting both polarization modes,
some of which are designed for more detailed study of the
anisotropy. When discussing experiments, so far we have
touched upon only the Universe at the epoch of recombina-
tion and post-recombination. However, the primordial
density perturbations and gravitational waves were gener-
ated during the inflation stage. So they must carry informa-
tion on the conditions under which inflation occurred. Now
let us discuss which parameters of the Universe at the
inflationary stage can be inferred from studying the aniso-
tropy and recombination of CMB.

The reader can learn about the theory of inflation in
monographs [2, 3] published in Russian, or using original
papers included in the collection of papers on the theory of
inflation [28].

Let us consider the simplest case where inflation in the
Universe is produced by one scalar field f:

�f� 3H _f� V 0�f� � 0 : �8�

Here, the dot denotes the derivative with respect to time, and
the prime denotes the partial derivative of the potential V�f�
with respect to the field variable f,

H 2 � 8p
3m2

Pl

�
1

2
_f2 � V�f�

�
; �9�

where mPl � 1:2� 1019 GeV is the Planck mass.
In most inflation models, the conditions of slow change of

the field (the slow-roll approximation) hold. These conditions
can be written as [29]

m2
Pl

4p
H 00

H
� Z�f�5 1 ; �10�

m2
Pl

4p

�
H 0

H

�2

� E�f�5 1 : �11�

If the slow-roll conditions (10) and (11) are met, one can
find Fourier-amplitudes of density perturbations

Ad�f� �
���
2

p

r
1

m2
Pl

H 2

jH 0j �12�

and of gravitational waves

Ag�f� �
������
1

2p

r
H

mPl
�13�

[25, 26, 29 ± 31]. The wavelength of a perturbation l can be
related to the scalar field f as

d ln l
df
�

������
4p
p

mPl

A d�f�
Ag�f� : �14�

In the slow-roll approximation, density perturbation and
gravitational wave spectra turn out to be close to power-law
ones. The density perturbation spectrum is usually written in
the formA2

d � A2knSÿ1, and the gravitational wave spectrum
as A2

g � B2knT . In the case of the limiting slow-roll, the
Harrison ±Zel'dovich spectrum (the HZ-spectrum) is
obtained, for which nS � 1 and nT 5 1. Cosmologists also
introduce the parameter

r � B

A
�

������������
E�H0�

p
;

where k is the wave vector of the corresponding perturbation
andH0 is the present-day value of the Hubble parameter.

Using the anisotropy and polarization of CMB, astron-
omers can reconstruct spectra of density perturbations and
gravitational waves. Note that both anisotropy and polariza-
tion must be known for unambiguous reconstruction of these
spectra [32].

To separate measurement of density perturbations and
gravitational waves, detection of the E- and B-modes of
polarization is especially useful. We recall that density
perturbations contribute only to the E-mode, while gravita-
tional waves generate both E- and B-modes.

Spectra of density perturbations and gravitational waves
allow the reconstruction of the value of the scalar field
potential driving inflation and its first derivative in a broad
range of f values [33]. At present, as only the anisotropy has
been discovered and the E-mode of polarization has margin-
ally been detected, one can find the slope of the potential
driving the inflation, but unfortunately it is impossible to
infer its absolute value. This may be possible in the future
when new experiments on measuring the CMB anisotropy
and polarization will start operating, such as PLANCK [34]
and SPOrt [35].

In addition to reconstructing the inflation potential,
SPOrt will be capable of solving the problem of the excessive
degree of polarization at small multipole numbers, as this
experiment is specially dedicated to polarization studies at
low multipoles.

The PLANCK satellite will construct the all-sky map at
several frequencies with a record resolution of a few angular
minutes and a high sensitivity. This probablywill help to solve
the enigma of the double top of the first Doppler peak and in
understanding the disagreement of the standard LCDM
model with CMB anisotropy and polarization observations.

5. Conclusion

Big changes have occurred in cosmology. Twenty to thirty
years ago one of the principal questions in cosmology was the
determination of the topology of the Universe: is our
Universe open or closed? Is the volume of our Universe
infinite or finite? The answer to this problem was to measure
the total density parameter O. The allowed range of this
parameter was 0:003 < O < 10. Now, the total density of the
Universe is known to within a few percent: O � 1:02� 0:02.
Most other global parameters of the Universe have been
measured with compatible accuracy. Observations of the
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CMB anisotropy, in particular the WMAP results on the
CMB anisotropy and polarization, opened up a new epoch of
`precision cosmology'. Cosmology has now become a precise
science, the uncertainty in determining its main parameters
approaching the accuracy of physical measurements. This
allows quantitative studies of new phenomena in the Uni-
verse. One of the priorities in these studies is the investigation
of quintessence, a new form of matter which as yet can not
been explored in the laboratory.

New cosmic and ground-based experiments on CMB
anisotropy and polarization will bring new knowledge of
processes in the early Universe and will allow better under-
standing of physical processes at super-large scales in our
Universe.
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