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us to use the CMB anisotropy measurements to constrain the cosmological parameters
and test new theoretical scenarios.

1. Introduction
The nature of cosmology as a mature and testable science lies in the realm of observations
of Cosmic Microwave Background (CMB) anisotropy and polarization. The recent highquality measurements of the CMB anisotropies provided by ground-based, balloon-borne
and satellite experiments have indeed presented cosmologists with the possibility of studying the large scale properties of our universe with unprecedented precision.
An increasingly complete cosmological image arises as the key parameters of the cosmological model have now been constrained within a few percent accuracy. The impact of these
results in different sectors than cosmology has been extremely relevant since CMB studies
can set stringent constraints on the early thermal history of the universe and its particle
content. For example, important constraints have been placed in fields related to particle
physics or quantum gravity like neutrino physics, extra dimensions, and super-symmetry
theories.
In the next couple of years, new and current on-going experiments will provide datasets
with even higher quality and information. In particular, accurate measurements of the
CMB polarization statistical properties represent a new research area. The CMB polarization has been detected by two experiments, but remains to be thoroughly investigated. In
conjunction with our extensive knowledge about the CMB temperature anisotropies, new
constraints on the physics of the early universe (gravity waves, isocurvature perturbations,
∗

Speaker.

AHEP 2003

Abstract: The last years have been an exciting period for the field of the Cosmic Microwave Background (CMB) research. With recent CMB satellite, balloon-borne and
ground-based experiments we are entering a new era of ’precision’ cosmology that enables

AHEP 2003

Alessandro Melchiorri

variations in fundamental constants) as well as late universe phenomena (reionization, formation of the first objects, galactic foregrounds) will be investigated with implications for
different fields ranging from particle physics to astronomy.
Moreover, new CMB observations at small (arcminute) angular scales will probe secondary
fluctuations associated with the first nonlinear objects. This is where the first galaxies and
the first quasars may leave distinct imprints in the CMB and where an interface between
cosmology and the local universe can be established. In this proceedings I will briefly
review the current status of CMB observations, I discuss the agreement with the current
theoretical scenario and I will finally draw some conclusions.

2. The standard picture.

∞ m=`
X
X
∆T
(n, t, ~x) =
a`m (t, ~x)Y`m (n) ,
T0

(2.1)

`=2 m=−`

If the fluctuations are Gaussian all the statistical information is contained in the 2point correlation function. In the case of isotropic fluctuations, this can be written as:



∆T
∆T
1 X
(n1 )
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(2` + 1)C` P` (n1 · n2 ) .
T0
T0
4π

(2.2)

`

where the average is an average over ”all the possible universes” i.e., by the ergodic
theorem, over ~x. The CMB power spectrum C` are the ensemble average of the coefficients
a`m ,
C` = h|a`m |2 i .
A similar approach can be used for the cosmic microwave background polarization and
the cross temperature-polarization correlation functions. Since it is impossible to measure
∆T
T0 in every position in the universe, we cannot do an ensemble average. This introduces a
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The standard model of structure formation (described in great detail in several reviews,
see e.g. [40], [39], [72], [11], [27]). relies on the presence of a background of tiny (of order
10−6 ) primordial density perturbations on all scales (including those larger than the causal
horizon).
This primordial background of perturbations is assumed gaussian, adiabatic, and nearly
scale-invariant as generally predicted by the inflationary paradigm. Once inflation is over,
the evolution of all Fourier mode density perturbations is linear and passive (see [27]).
Moreover, prior to recombination, a given Fourier mode begins oscillating as an acoustic
wave once the horizon overtakes its wavelength. Since all modes with a given wavelength
begin evolving simultaneously the resulting acoustic oscillations are phase-coherent, leading
to a structure of peaks in the temperature and polarization power spectra of the Cosmic
Microwave Background ([59], [65], [73]).
The anisotropy with respect to the mean temperature ∆T = T − T0 of the CMB sky in
the direction n measured at time t and from the position ~x can be expanded in spherical
harmonics:
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Figure 1: Theoretical predictions for the CMB temperature, polarization and cross temperaturepolarization power spectra in the case of the standard model of structure formation. The peaks in
the temperature and polarization spectra are alternate.

fundamental limitation for the precision of a measurement (the cosmic variance) which is
important especially for low multipoles. If the temperature fluctuations are Gaussian, the
C` have a chi-square distribution with 2` + 1 degrees of freedom and the observed mean
deviates from the ensemble average by
∆C`
=
C`

r

2
.
2` + 1

(2.3)

Moreover, in a real experiment, one never obtain complete sky coverage because of
the limited amount of observational time (ground based and balloon borne experiments)
or because of galaxy foreground contamination (satellite experiments). All the telescopes
also have to deal with the noise of the detectors and are obviously not sensitive to scales
smaller than the angular resolution.
In Figure 1 we plot the theoretical prediction for CMB temperature and polarization power
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Figure 2: Cosmic Microwave Anisotropies data from WMAP, BOOMERanG and CBI experiments and the theoretical best fit. There is an excellent agreement between data and theory.

spectra and the cross-correlation between temperature and polarization in the case of the
so-called ’concordance’ model. The power spectra show an unique structure: The temperature power spectrum is flat on large scale while shows oscillations on smaller scales.
The polarization and cross temperature-polarization spectra are also showing oscillations
on smaller scales, but the signal at large scale is expected to be negligible.
Different mechanisms are responsible for the oscillations on small scale. On the scale of the
thickness of the last scattering surface, temperature anisotropies are more coupled to density and gravity perturbations, while polarization is more coupled to velocity perturbations.
Gravity and density perturbations obey a cosine function, while velocity perturbations follow a sine function. The most striking observational prediction of this is the out-of-phase
position of the peaks and dips in the temperature and polarization power spectra. The
peaks and dips of the cross-correlation spectra fall in the middle (see e.g. [35]).
The shape of the power spectra depends on the value of the cosmological parameters assumed in the theoretical computation. Since the overall picture must be consistent, the
cosmological parameters determined indirectly from CMB observations must agree with the
values inferred from independent observations (Big Bang Nucleosynthesis, Galaxy Surveys,
Ly-α forest clouds, simulations, etc etc.).

3. The latest measurements.
The last years have been an exciting period for the field of the CMB research. With the
TOCO−97/98 ([67],[53]) and BOOMERanG-97 ([48]) experiments a firm detection of a
first peak in the CMB angular power spectrum on about degree scales has been obtained.
In the framework of adiabatic Cold Dark Matter (CDM) models, the position, amplitude
and width of this peak provide strong supporting evidence for the inflationary predictions
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of a low curvature (flat) universe and a scale-invariant primordial spectrum ([25], [52], [66]).
The subsequent data from BOOMERanG LDB ([54]), DASI ([37]), MAXIMA ([45]), VSAE
([31]) and Archeops ([10]) have provided further evidence for the presence of the first peak
and refined the data at larger multipole hinting towards the presence of multiple peaks in
the spectrum. Moreover, the very small scale observations made by the CBI ([58]) and
ACBAR ([42]) experiments have confirmed the presence of a damping tail, while the new
DASI results presented the first evidence for polarization ([41]).
The combined data clearly confirmed the model prediction of acoustic oscillations in the
primeval plasma and shed new light on several cosmological and inflationary parameters (
see e.g. [63], [50], [70]).
The recent results from the WMAP satellite experiment (see Figure 2) ([9]) have confirmed
in a spectacular way all these previous results with a considerable reduction of the error
bars. In particular, the amplitude and position of the first two peaks in the spectrum are
now determined with a precision about 6 times better than before ([57]).
Furthermore, the WMAP team released the first high quality measurements of the temperaturepolarization spectrum [33]. In particular. WMAP detected large angular scale polarization,
indicative of an earlier reionization of the intergalactic medium ([33]). The presence of polarization at intermediate angular scale helps in discriminating inflationary models from
causal scaling seed toy models (see e.g.[60]). Moreover, the position of the first anti-peak
and second peak in the spectrum are also in agreement with the prediction of inflation
([23]).
As main intriguing discrepancy, the WMAP data shows (in agreement with the previous
COBE data) a lower temperature quadrupole than expected. The statistical significance
of this discrepancy is still unclear (see e.g. [56], [28], [24]).
The CMB anisotropies measured by WMAP are also in good agreement with the standard
inflationary prediction of gaussianity ([34]).

4. CMB constraints on the standard model.
In principle, the standard scenario of structure formation based on adiabatic primordial
fluctuations can depend on more than 11 parameters.
However for a first analysis and under the assumption of a flat universe which is already
well consistent with CMB data, it is possible to restrict ourselves to just 5 parameters: the
tilt of primordial spectrum of scalar perturbations nS , the optical depth of the universe
τc , the physical energy densities in baryons and dark matter ωb = Ωb h2 and ωdm = Ωdm h2
and the Hubble parameter h.
In Table 1 we report the constraints on these parameters obtained by the WMAP team
(see [64] and [69]) in 3 cases: WMAP only, WMAP+CBI+ACBAR and WMAP+CBI+ACBAR+LSS.
Also, for comparison, we present the CMB+LSS results previous to WMAP in the forth
column.
As we can see a value for the baryon density ωb = 0.020 ± 0.002 as predicted by Standard
Big Bang Nucleosynthesis (see e.g.[21]) is in very good agreement with the WMAP results.
The WMAP data is in agreement with the previous results and its inclusion reduces the
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h2

Ωb
Ωm h2
h
ns
τc

WMAP
0.024 ± 0.001
0.14 ± 0.02
0.72 ± 0.05
0.99 ± 0.04
0.166+0.076
−0.071
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WMAPext
0.023 ± 0.001
0.13 ± 0.01
0.73 ± 0.05
0.97 ± 0.03
0.143+0.071
−0.062

WMAPext+LSS
0.023 ± 0.001
0.134 ± 0.006
0.73 ± 0.03
0.97 ± 0.03
0.148+0.073
−0.071

Pre-WMAP+LSS
0.021 ± 0.003
0.14 ± 0.02
0.69 ± 0.07
0.97 ± 0.04
0.07+0.07
−0.05

Table 1: Current constraints on the 5 parameters of the standard model (flat universe). The
WMAP results are taken from Spergel et al. 2003, the previous results are taken from Melchiorri
and Odman 2003 (see also Slosar et al. 2003 and Wang et al. 2003).

5. Constraints on possible extensions of the standard model.
The standard model provides a reasonable fit to the data. However it is possible to consider several modifications characterized by the inclusion of new parameters. The data
considered here doesn’t show any definite evidence for those modifications, providing more
a set of useful constraints. The present status can be briefly summarized as follows:
• Running of the Spectral Index
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error bar on this parameter by a factor 3.
The amount of cold dark matter is also well constrained by the CMB data. The presence
of power around the third peak is crucial in this sense, since it cannot be easily accommodated in models based on just baryonic matter (see e.g. [51] and references therein). As
we can see, including the CMB data on those scales (not sampled by WMAP) halves the
error bars. WMAP is again in agreement with the previous determination and its inclusion
reduces the error bar on this parameter by of factor 3-4.
These values implies the existence of a cosmological constant at high significance with
ΩΛ = 0, ΩM = 1 excluded at 5-σ from the WMAP data alone and at ∼ 15-σ when combined with supernovae data. A cosmological constant is also suggested from the evidence
of correlations of the WMAP data with large scale structure ([62], [55], [12], [1]).
Under the assumption of flatness, is possible to constrain the value of the Hubble parameter
h. The constraints on this parameter are in very good agreement with the HST constraint
([29]).
An increase in the optical depth τc after recombination by reionization damps the amplitude of the CMB peaks. This small scale damping can be somewhat compensated by an
increase in the spectral index nS . This leads to a nearly perfect degeneracy between nS
and τc and, in practice, no significant upper bound on these parameters can be placed from
temperature data. However, large scale polarization data, as measured by WMAP, can
break this degeneracy. At the same time, inclusion of galaxy clustering data can determine
nS and further break the degeneracy. As we can see, the current constraint on the spectral
index is close to scale invariance (nS ∼ 1) as predicted by inflation. The best-fit value of
the optical depth determined by WMAP is slightly higher but consistent in between 1 − σ
with supercomputer simulations of reionization processes (τc ∼ 0.10, see e.g. [17]).
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The possibility of a scale dependence of the scalar spectral index, nS (k), has been
considered in various works (see e.g. [36], [22], [?], [26]). Even though this dependence
is considered to have small effects on CMB scales in most of the slow-roll inflationary
models, it is worthwhile to see if any useful constraint can be obtained. The present
CMB data is at the moment compatible with no scale dependence ([32],[13]), however,
joint analyses with other datasets (like Lyman-α) shows a ∼ 2 − σ evidence for a
negative running ([60]). At the moment, the biggest case against running comes
from reionization models, which are unable to reach the large optical depth observed
in this case by WMAP (τ ∼ 0.17, see [64]) with the suppressed power on small scales
(see e.g. [16]).
• Gravitational Waves.

The amplitude of the GW background is weakly constrained by the current CMB
data. However, when information from BBN, local cluster abundance and galaxy
clustering are included, an upper limit of about r = C2T /C2S < 0.5 (no running) is
obtained (see e.g. [64], [32], [4], [44]).
• Isocurvature Perturbations
Another key assumption of the standard model is that the primordial fluctuations
were adiabatic. Adiabaticity is not a necessary consequence of inflation though and
many inflationary models have been constructed where isocurvature perturbations
would have generically been concomitantly produced (see e.g. [43], [30], [5]). Pure
isocurvature perturbations are highly excluded by present CMB data ([60]). Due to
degeneracies with other cosmological parameters, the amount of isocurvature modes
is still weakly constrained by the present data (see e.g. [60], [68], [19]).
• Modified recombination.
The standard recombination process can be modified in several ways. Extra sources
of ionizing and resonance radiation at recombination or having a time-varying finestructure constant, for example, can delay the recombination process and leave an
imprint on the CMB anisotropies. The present data is in agreement with the standard recombinations scheme. However, non-standard recombination scenarios are
still consistent with the current data and may affect the current WMAP constraints
on inflationary parameters like the spectral index, ns , and its running (see e.g. [3],
[47], [7]).
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The metric perturbations created during inflation belong to two types: scalar perturbations, which couple to the stress-energy of matter in the universe and form the
“seeds” for structure formation and tensor perturbations, also known as gravitational
wave perturbations. A sizable background of gravity waves is expected in most of the
inflationary scenarios and a detection of the GW background can provide information
on the second derivative of the inflaton potential and shed light on the physics at
∼ 1016 Gev.
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• Neutrino Physics
The effective number of neutrinos and their effective mass can be both constrained by
combining cosmological data. The combination of present cosmological data under
the assumption of several priors provide a constraint on the effective neutrino mass
of mee < 0.23eV ([64]). The data constraints the effective number of neutrino species
to about Nef f < 7 (see e.g. [61], [20],[38]).
• Dark Energy and its equation of state

6. Conclusions
The recent CMB data represent a beautiful success for the standard cosmological model.
The acoustic oscillations in the CMB temperature power spectrum, a major prediction of
the model, have now been detected with high statistical significance. The amplitude and
shape of the cross correlation temperature-polarization power spectrum is also in agreement
with the expectations.
Furthermore, when constraints on cosmological parameters are derived under the assumption of adiabatic primordial perturbations their values are in agreement with the
predictions of the theory and/or with independent observations.
The largest discrepancy between the standard predictions and the data seems to come
from the low value of the CMB quadrupole. New physics has been proposed to explain
this discrepancy (see e.g. [18], [6], [46]), but the statistical significance is of difficult interpretation.
As we saw in the previous section modifications as extra background of relativistic
particles, isocurvature modes or non-standard recombination schemes are still compatible
with current CMB observations, but are not necessary and can be reasonably constrained
when complementary datasets are included.
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The discovery that the universe’s evolution may be dominated by an effective cosmological constant is one of the most remarkable cosmological findings of recent years.
Observationally distinguishing a time variation in the equation of state or finding
it different from −1 is a powerful test for the cosmological constant. The present
constraints on w obtained combining the CMB data with several other cosmological
datasets are consistent with w = −1, with models with w < −1 slightly preferred
(see e.g. [49], [71]). Other dark energy parameters, like its sound speed, are weakly
constrained ([8], [15]).
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