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Summary. — The Big Bang Nucleosynthesis (so beautifully pioneered by Enrico
Fermi) and the Cosmic Microwave Background (CMB) are closely linked and offer
complementary tools to investigate the Early Universe. We shortly review this topic
and focus on the latest results on the CMB. Resolved images of the CMB produced
by the BOOMERanG, MAXIMA and DASI experiments allow a detailed study of
the physical processes taking place before recombination, depicting a consistent new
cosmology. We present the experimental evidence, the current interpretation of the
data, the problems still open, and the future activity in this field.

PACS 98.70.Vc – Background radiations.
PACS 01.30.Cc – Conference proceedings.

1. – Observables of the Early Universe

Our expanding Universe was denser and hotter in the past. It has evolved from a
primeval fireball, a very hot and dense state where matter and radiation were in thermal
equilibrium. Light elements were produced in the primeval fireball, and the primordial
abundances of these elements are measurable now in selected regions of the local Universe,
where they are still unprocessed. The synthesis of light nuclei happened in the presence
of a huge number of photons (∼ 109 for each baryon). These photons are now visible as
a faint glow of microwaves, the Cosmic Microwave Background (CMB).

The photons of the CMB play a key role in the formation of light elements. They
photo-dissociate nuclei impeding their formation until the temperature decreases below
∼ 109 K. Their energy density dominates the expansion and the temperature behaviour
of the primeval fireball. Temperature and expansion rate affect very significantly the
ratio n/p and the synthesis rates.

(∗) Paper presented at the IX ICRA Network Workshop “Fermi and Astrophysics” (Rome,
Pescara, September 2001) held under the auspices of the Italian Committee for the Celebration
of the Hundredth Anniversary of the birth of Enrico Fermi. Joint copyright SIF and World
Scientific.
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The Hot Big Bang theory is able to predict from first principles the observable quan-
tities described above, thus allowing observational tests of the physics of the Early Uni-
verse. Together with the observed recession of galaxies, the abundances of light elements
and the thermal spectrum of the CMB are the three pillars of modern cosmology. Recent
reviews on these aspects can be found in [1] and [2].

It is very remarkable that all these observations are fit simultaneously by the simple
scenario of Hot Big Bang cosmology. However, while the big picture is very robust,
there are still unexplained issues, which are currently investigated using high sensitivity
measurements of the same observables. Here we focus on one of these cosmology tools,
the image of the CMB, which has been recently resolved by CMB anisotropy experiments.

2. – CMB anisotropy

The CMB is an isotropic 2.73 K black body and contains most of the photons present
in our universe. These thermal photons interacted with matter (via Thomson scattering)
only as long as the Universe has been in a ionized state (the initial homogeneous “primeval
fireball” [3]). After that, they traveled freely for about 15 billion years before reaching
our microwave telescopes. The map of the CMB is thus a map of an early phase of our
Universe.

We believe that gravitational instability has grown the large scale structure of the
present Universe from small density fluctuations seeds, which were present in the primeval
fireball, and are now evident in high resolution images of the CMB. The two observables
are thus tightly linked, sampling respectively an early state and the final result of the
process of formation of structures. Moreover, the inflation hypothesis links these seeds
to quantum fluctuations in a scalar field present in the very early Universe, immediately
after the Big Bang (see, e.g., [4]): the CMB is thus a window on the first split second of
the evolution of the Universe, when the energy was much higher than the ones we can
investigate in the laboratory.

When we look to the CMB, we detect photons scattered from the edge of the primeval
plasma (last scattering surface, LSS), which has been present in the Universe for
t <∼ 300000 y. This is the time required to cool down the primeval fireball below 3000 K,
where ionized hydrogen can become neutral: such a process is called recombination. The
causal horizon at that epoch is seen under an angle of ∼ 1◦, the exact value depending
mainly on the curvature of the Universe, but also on its detailed composition, and, at a
smaller extent, on the expansion rate Ho. The subtended angle can be estimated naively
by noting that on the LSS the size of the causal horizon is of the order of 300000 light
years; we look from a distance of about 15 billion light years (basically corresponding to
the age of the universe) and after an expansion of the Universe by a factor ∼ 1000. The
subtended angle, in a Euclidean universe, will then be θ ∼ 103×3×105/15×109 rad ∼ 1◦.

Density perturbations ∆ρ/ρ in the primeval plasma of photons and matter with di-
mensions smaller than the horizon undergo acoustic oscillations. These are the result
of the opposite effects of self-gravity and of the pressure of the photons. In fact, the
ratio between the number density of CMB photons and the number density of matter
particles is ∼ 109, so photon pressure plays an important role in the dynamics of the
primeval plasma. Structures larger than the horizon, instead, are basically frozen, since
there is not enough time for forces to propagate from one edge of the perturbation to the
opposite one.

There are three physical processes converting the density perturbations present at
recombination into observable CMB temperature fluctuations ∆T/T . They are: the
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photon density fluctuations δγ , which can be related to the matter density fluctuations
∆ρ once a specific class of perturbations, e.g., adiabatic, is specified; the gravitational
redshift of photons scattered in an over-density or an under-density with gravitational
potential difference φr; the Doppler effect produced by the proper motion with velocity
v of the electrons scattering the CMB photons. In formulas:

∆T
T

(�n) ≈ 1
4
δγr +

1
3
φr

c2
− �n

�vr

c
,(1)

where �n is the line-of-sight vector and the subscript r labels quantities at recombination.
We thus expect to see the characteristic scale of the acoustic horizon imprinted in the

image of the CMB. This means that if we compute the angular power spectrum of the
image, we expect to see a peak at an angular scale θ ∼ 1o. If, as general relativity allows,
the curvature of the Universe at large scales is not vanishing, the photons will travel
along curved paths between the LSS and us, and the horizon can be either magnified
(positive curvature, high density of the Universe, larger spots) or de-magnified (negative
curvature, low density of the Universe, smaller spots). The measurement of this angular
scale can thus be used to measure the curvature of the universe (see, e.g., [5]).

To see how this works, we can compute the angular diameter θ subtended by the
acoustic horizon as θ ∼ d/DA, where d is the proper length of the acoustic horizon at
recombination and DA is the angular diameter distance of recombination. Using the
Friedmann equation for the scale factor of the Universe a, we can compute d as (see,
e.g., [6])

d =
∫ trec

0

csdt =
∫ arec

0

cs
da
ȧ

=(2)

∫ 1/(1+zrec)

0

cs(â)dâ
Hoâ

√
Ωγoâ−4 + ΩMoâ−3 + ΩΛ + (1 − Ω)â−2

,

where â = a/ao, ao is the present value of the scale factor; z = ao/a− 1 is the redshift,
and cs is the sound speed in the primeval plasma

cs =
c√

3(1 + 3Ωbo

4Ωγo
a)
.(3)

Ho is the present expansion rate of the Universe (Hubble constant ∼ 70 km/s/Mpc), the
Ωio, i = γ,M,Λ are the energy densities of photons, matter and dark energy, respectively,
all normalized to the critical density ρc = 3H2

o/8πG, and Ω = Ωγo + ΩMo + ΩΛ.
For Ω ∼ 1, before recombination there is a relatively long period when the Universe

is dominated by matter: radiation and dark energy are negligible between equivalence
and recombination. In such a case, the integral above can be approximated as

d ∼ c

Ho

1
(1 + zrec)3/2

1

Ω1/2Mo

,(4)

d is of the order of 105 light years at recombination.
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We can also compute the angular diameter distance of the last scattering surface:

DA =
caor(zrec)
1 + zrec

,(5)

where

r(z) = [sin(χ) ; χ ; sinh(χ)] [Ω > 1 ; Ω = 1 ; Ω < 1](6)

and χ is the radial coordinate

χ =
∫ to

t

dt′

a(t′)
=

∫ ao

ao/(1+z)

da
a2(ȧ/a)

.(7)

Once again, the Friedmann equation can be used to compute ȧ/a and solve the integral
for different values of the cosmological parameters:

χ =
∫ ao

ao/(1+z)

dâ
Hoâ2

√
Ωγoâ−4 + ΩMoâ−3 + ΩΛ + (1 − Ω)â−2

.(8)

These calculations confirm that the angle subtended by the acoustic horizon at re-
combination is of the order of one degree; moreover, for reasonable values of the other
parameters, θ depends mainly on the density parameter Ω, and much less on the detailed
budget of the different Ωi. We thus expect features in the map of the CMB with a
characteristic scale θ ∼ 1◦.

The power spectrum of the image of the CMB details the relative abundance of the
spots with different angular scales. If we expand the temperature of the CMB in spherical
harmonics,

∆T
T

=
∑

a�,mY
m
� (θ, φ) ,(9)

the power spectrum of the CMB is defined as c� = 〈a2�,m〉. The angular scale θ is related
to the multipole � as θ = π/�. An angular scale of ∼ 1◦ corresponds to a multipole
� ∼ 200. We thus expect a peak in the power spectrum of the CMB at a multipole
∼ 200. Detailed models and codes are available to compute the angular power spectrum
of the CMB image given a cosmological model for the generation of density fluctuations
in the Universe, and a set of parameters describing the background cosmology [3].

The theory of acoustic oscillations in the primeval plasma predicts the presence of
a series of peaks and dips in the power spectrum [7, 8]. This is because perturbations
with different proper size enter the acoustic horizon (and start to oscillate) at different
times before recombination, and have different oscillation periods. They thus arrive at
recombination with a phase depending on their proper size. Perturbations with a size
such that they arrive at recombination in a fully compressed phase or in a fully rarefied
phase produce maximum deviations in the temperature of the CMB, thus producing
maximum variance of the signal, i.e. peaks in the angular power spectrum.

This can be seen as a cosmic synchronization process, which starts the oscillation of
small perturbations before the oscillation of large ones: the phase of the perturbations
at the recombination depends on their intrinsic size. Perturbations with size close to the
horizon at recombination start last, and have just enough time to arrive to the maximum
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compression, producing the degree-size spots in the CMB, i.e. the first “acoustic” peak in
the angular power spectrum of the CMB anisotropy. Perturbations with smaller intrinsic
size have entered the acoustic horizon before, and arrive at recombination after a full
compression and a return to the average density. They will produce a CMB temperature
fluctuation smaller than the previous ones, because among the three physical processes
producing temperature fluctuations from density ones, only the Doppler shift is effective.
This corresponds to a dip in the angular power spectrum of the CMB at multipoles
larger than the first acoustic peak. Even smaller perturbations have enough time to
compress, return to the average density, and then arrive at the maximum rarefaction at
recombination, producing a second peak in power spectrum, at multipoles about twice of
those of the first one. Repeating this reasoning, we expect a harmonic series of acoustic
peaks, up to very small sizes, smaller than the thickness of the last scattering surface.
Photons diffusion, and the fact that many small-size positive and negative perturbations
are aligned on the same line of sight, damps the temperature fluctuations measurable in
the CMB at very high multipoles (� >∼ 3000).

The location of the first peak �1 shifts to lower multipoles (larger spots) as the density
parameter increases. Physically, this is the result of Gravitational lensing of light rays
coming from the LSS. The typical observed angular size of the hot and cold spots strongly
depends on the average mass-energy density parameter Ω. The presence of mass and
energy acts as a magnifying (Ω > 1) or demagnifying (Ω < 1) lens, producing horizon-
sized spots larger or smaller than ∼ 1◦ in the two cases, respectively.

It is interesting to see how the power spectrum depends on the other cosmological
parameters.

Increasing the physical density of baryons Ωbh
2 favors compressions against rarefac-

tions in the acoustic oscillations. Compression peaks are thus enhanced with respect to
rarefaction ones. The relative amplitude of the second peak (rarefaction) with respect
to the amplitude of the first peak (compression) is thus a good measurement of Ωbh

2.
The power spectrum of primordial density fluctuations P (k) controls the general shape
of the power spectrum of the CMB.

The physical origin of density perturbations in the early Universe is unknown. An
appealing hypothesis is that the Universe underwent an inflation phase immediately after
the Big Bang. The Universe expanded so fast in this phase that all the Universe visible
today was in a sphere of sub-atomic dimensions before the inflation phase. Quantum
fluctuations in the inflaton field at microscopic scales before inflation are converted into
adiabatic, scale invariant density fluctuations at cosmological scales after inflation. In this
scenario the power spectrum of density fluctuations can be computed and is P (k) = Akn

with n ∼ 1.
The value of n drives the amplitude of the higher order peaks in the power spectrum

of the CMB relative to the amplitude of the first one. If only the first and second peak
are observed, increasing n has about the same effect as decreasing Ωbh

2. A measurement
of the third peak removes this degeneracy.

There is a strong degeneracy between cosmological parameters: different combina-
tions of ΩM , ΩΛ, Ω and Ho can produce CMB power spectra almost identical, if the
degeneracy factor R is the same (see [9]). For this reason, in addition to the CMB
anisotropy and polarization measurements, which constrain mainly Ω, Ωb and n, we will
always need independent cosmological information, like the precision measurements of
the Hubble constant (e.g., from HST), the measurements of the deceleration parameter
qo = −äa/ȧ2|to

= ΩM/2−ΩΛ (from high-z supernovae), the measurements of ΩM (from
cluster baryon fraction, cluster mass to light ratio, spectrum of density fluctuations,
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peculiar velocities and bulk flows, etc.).
In this paper we describe observations of the CMB, which have recently measured the

power spectrum, detected peaks in it, and constrained a number of cosmological param-
eters. We focus on the BOOMERanG experiment, which produced detailed maps of the
microwave sky at 90, 150, 240 and 410 GHz, with angular resolution ∼ 12 arcmin, and
combined sensitivity ∼ 30µK per pixel at 90 and 150 GHz. We describe the instrument
and the observations, and we show that the 150 GHz map is dominated by fluctuations
in the CMB. We describe the extraction of the angular power spectrum of the image of
the CMB, and discuss its cosmological implications.

3. – CMB experiments

The detection of sub-horizon structures in the CMB is a difficult experimental prob-
lem. The size of the observable temperature fluctuations is of the order of a few tens
µK, while instrumental, local and astrophysical backgrounds can be as large as few K.
The differences in spectral and angular distributions allow the experimentalists to sep-
arate the cosmological component from the contaminations, but elaborate modulation
techniques are needed [10-12]. Interferometers directly sample the correlation function
of the temperature fluctuations [13], while total power receivers sample the temperature
map: the power spectrum is derived by first organizing the time-ordered observations in
a map and then performing the harmonic analysis.

The degree and sub-degree-scale anisotropy has now been detected by several ground-
based and balloon-borne experiments. Only recently, however, it has been possible to
first detect the presence of peaks in the power spectrum [14-16], and to produce images
where the sub-degree anisotropy is clearly visible [17-24]. Full sky maps are expected
from the NASA satellite MAP [25] early in 2003.

4. – BOOMERanG

The BOOMERanG experiment, a balloon-borne microwave telescope with cryogenic
bolometric detectors, was flown on a long duration circum-Antarctic stratospheric balloon
in 1998. The payload results from several experimental breakthroughs described in [26-
28,11,29-31] (see fig. 1).

Modulation is achieved by scanning the sky at constant elevation and constant az-
imuth speed. The signal from the detector is AC coupled and high pass filtered. Since
most of the contaminating signals are either constant or smooth in the sky, they are
efficiently rejected by this modulation. The disadvantage of this technique is that it
results in an anisotropic filtering of the sky maps, which has to be taken properly into
account in the data analysis. It can be shown that, for our particular scan strategy, the
time-domain high pass filter acts as a high pass filter in the multipoles domain [32].

A further level of modulation comes from sky rotation. In fact, the central azimuth of
the azimuth scans tracks the azimuth of the best sky region, a high latitude region about
30◦ × 40◦ wide and free from cirrus dust, centered at coordinates RA∼ 85◦, dec∼ −45◦.
Elevation is not changed during the scan, and is only changed in steps every several
hours. The result of this strategy is that, due to sky rotation, the scans are gradually
tilted and offset in the sky, and the same pixel will be re-observed during the same day
in differently tilted scans. This produces significant cross-linking in the sky coverage,
which is important for the map-making algorithm used to create the image of the sky.



THE LATEST VIEW OF THE EARLY UNIVERSE 1073

1

2

3

4

5

6

7

8

9

10

Fig. 1. – The BOOMERanG payload. On the inner frame (1) are mounted the off axis primary
mirror (2), the cryostat with the detection system (3), the analog electronics (4), the ground
shield (5). On the outer frame (6) are mounted the sun shields, the solar panels (7), the azimuth
pivot (8) with the flywheel (9). The pivot decouples the payload from the flight chain (10).

The same process is repeated for several days. The comparison of maps obtained
in different days, when the payload has drifted by thousands of km and the ground
configuration is completely different, is a very effective tool to exclude contamination of
the sky maps coming from signals in the telescope sidelobes.

The peak-to-peak length of our azimuth scans is ∆A ∼ 60◦, so that the scans in
the sky have a length ∆θ ∼ ∆A cos e ∼ 42◦. This length has been selected as the
best compromise between several factors: sky coverage, avoidance of the sun, repetition
frequency of scans, detector’s speed, 1/f knee in detectors noise, etc. As a result, our
�-space resolution is limited to ∆� ∼ π/∆θ ∼ 4. This is more than enough to resolve
the acoustic peaks present in the power spectrum of the CMB anisotropy, which have a
width ∆�p ∼ 100 [33]. In practice, we degrade the instrumental resolution to ∼ ∆�p/2 by
binning in �, in order to improve the signal to noise ratio in each � bin. The estimates of
the power spectrum averaged over wide � bins are called bandpowers. The finite length
of the scans also limits the lowest multipole detectable �min ∼ ∆�, but in practice a much
higher �min ∼ 25 is set by the presence of drifts and 1/f noise. The maximum multipole
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observable in constant speed scans depends on the angular resolution of the telescope,
on the time response of the detector [34] and on its noise; in general the sensitivity of
the instrument to different multipoles is described by a suitable window function taking
into account these effects (see below). In the case of BOOMERanG �max

<∼ 1200.
The BOOMERanG payload was flown by NASA-NSBF on Dec. 29, 1998, from Mc-

Murdo (Antarctica). It remained at float for 10.6 days, circumnavigating Antarctica at
an average altitude of 37 km. About 57 million 16-bit samples of the signal were col-
lected for each of the 16 detectors. The data were edited for known instrument glitches,
temperature fluctuations, and cosmic rays events. Less than 5% of the bolometer data
has been found to be contaminated. Constrained realizations of noise were substituted
to the contaminated signals.

The pointing has been reconstructed from the signals of the laser gyroscopes, of the
differential GPS, and of the sun sensors. In the most recent pointing solution, repeated
observations of compact sources show that the accuracy of the reconstruction is <∼ 2.5
arcmin rms. Random errors in the pointing have the effect to smear-out the signals
from small sources. This adds in quadrature to the intrinsic angular resolution of the
telescope (9.5′ FWHM at 150 GHz). The finite size of the pixelization has a similar
effect. In � space these three effects are modeled as a low pass filter, with a shallow
cut-off at about � ∼ 600. The time-domain high pass filter mentioned above acts as a
sharper high-pass at multipole ∼ 30. The result is a window function W (�), which has
to be taken into account in the reconstruction of the angular power spectrum of the sky.
These effects limit the sensitivity of our observations at high multipoles. The result is
that BOOMERanG is sensitive to a range of multipoles from � = 50 to � = 1000.

Sky maps have been constructed from the time ordered data and pointing using four
independent methods: naive maps (just coadding data on the same pixel); maximum
likelihood maps obtained using the MADCAP package [35]; maximum likelihood maps
obtained using the iterative method of [36]; suboptimal maps obtained using the fast
map making method of [32].

Degree-scale structures with amplitude of the order of ∼ 100 µK are evident in the map
at 150 GHz (fig. 2). Consistent structure is also evident in the maps at 90 and 240 GHz.
The similarity of the temperature maps obtained at different frequencies [17] is the best
evidence for the CMB origin of the detected fluctuations. Foregrounds contamination can
be constrained significantly in the center of the observed sky region [17], by comparison
and correlation with dust templates [37]. Moreover, at variance with galactic maps, the
fluctuations detected at 150 GHz pass several tests for Gaussianity [38]. We can even
set upper limits to non Gaussian fluctuations mixed to the dominant Gaussian ones: the
rms amplitude of the non-Gaussian component should be less than a few % of the rms
amplitude of the Gaussian one.

The Gaussianity of the CMB temperature fluctuations is not trivial. As a matter
of fact, if we do the Gaussianity analysis on sky brightness data with the same angular
resolution, but in different regions of the em spectrum, we do find important deviations
from Gaussianity. Our own 410 GHz channel is a good example of this behaviour [38].
The Gaussian character of the fluctuations is telling us something important about the
cosmological origin of the fluctuations, and is in good agreement with the predictions of
the simplest inflationary models.

Gaussianity also insures us that all the information encoded in the map is provided
by the angular power spectrum of the map. We have computed the power spectrum of
the sky by means of independent methods [35, 32], which rigorously take into account
the effects of system noise, incomplete sky coverage, time-domain filtering of the data,
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Fig. 2. – Map of the CMB at 150 GHz, as obtained from 4 channels of BOOMERanG.

beam shape etc. The current best spectrum of the sky is obtained from a combination
of four channels at 150 GHz (fig. 3, see [19], for all the details of the analysis). In this
spectrum, a peak at �p1 ∼ 213 is evident at high statistical significance, and two further
peaks at �p2 ∼ 541, �p3 ∼ 845 are also present at about 2σ significance [39]. They are
interleaved with two dips at �d1 ∼ 416 and �d2 ∼ 750.

5. – Impact of the BOOMERanG results on cosmology

The simplest interpretation is that these features result from acoustic oscillations
in the primeval plasma. The existence of these oscillations was predicted long time
ago [7, 8, 40], and is expected in the standard inflationary scenario [41]. We derive the
cosmological parameters within this theory framework, assuming adiabatic and Gaussian
initial density fluctuations. With this assumption a full database of power spectra can
be built by allowing each of the cosmological parameters to cover a wide range of values.
The spectra are computed using the programs CMBFAST and CAMB [42,43].

As explained in the introduction, the location of the first peak is directly related to
the angular size of the acoustic horizon at recombination, and the comparison between
linear and angular size of the horizon provides a clean way to measure Ω [5,44]. In [17] we
preliminarily derived Ω from the location of the first peak in the power spectrum derived
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Fig. 3. – Angular power spectrum of the central part of the map of the CMB shown in fig.2.
The continuous line is the best fit adiabatic inflationary model.

from the best data in the best 150 GHz channel. We also derived a set of cosmological
parameters by means of a Bayesian analysis of the full power spectrum (for � < 600).
While the results for Ω clearly indicated a flat geometry of the Universe, the results for
other cosmological parameters (like Ωbh

2 and ns) were still affected by calibration errors
and degeneracy of the spectra due to limited multipoles coverage. In subsequent papers
we derived the cosmological parameters from the full power spectrum of BOOMERanG
(up to � ∼ 1000). This was derived from the final BOOMERanG maps from 4 channels at
150 GHz, featuring improved beam and pointing reconstruction [19, 39]. The possibility
to detect the third peak in the spectrum removed the degeneracy between Ωbh

2 and ns.
We find perfect consistency with a Euclidean universe: Ω = 1.02+0.05−0.06. This result is
very important for cosmology, since pre-CMB estimates of Ω ranged from 0.3 to 1.2. If
we trust general relativity, the observation that Ω ∼ 1 today is very interesting. Our
universe is following a very unstable solution of Einstein equations, and some mechanism
(like inflation) has to be included in the standard Hot Big Bang scenario in order to
explain this fact.

The second cosmological parameter well constrained by these data is the physical
density of baryons: we find Ωbh

2 = 0.022+0.004−0.003. The density of baryons affects the
symmetry of acoustic oscillations before recombination, thus controlling the ratio between
the amplitudes of even and odd order peaks in the power spectrum. The density of
baryons also controls the nuclear reactions happening in the first minutes after the Big
Bang and producing the light elements. Measurements of the primordial abundance
of elements allow to estimate Ωbh

2 with even higher precision. Recent observations
of primordial deuterium from quasar absorption line systems suggest a value Ωbh

2 =
0.020 ± 0.002 at the 95% C.L. [45]. It is remarkable that such orthogonal techniques
produce very consistent results: in our view this is a strong indication of the overall
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consistency of the hot big bang scenario.
The third parameter constrained is the spectral index of the power spectrum of pri-

mordial density perturbations. We find ns = 0.96±0.09. In inflation models, the spectral
index of the primordial fluctuations gives information about the shape of the primordial
potential of the inflaton field which drove inflation. While there is no fundamental con-
straint on this parameter, the simplest models of inflation do give values that are just
below unity.

Adding limited prior knowledge on the Hubble constant (i.e. 0.4 < h < 0.9) and on
the age of the Universe (i.e. t > 10 Gy) allows us to constrain significantly the density of
dark matter and of dark energy. The result is a universe where ordinary matter accounts
for only 4% of the total mass-energy density, while about 25% of the Universe is in the
form of still undetected dark matter. A mysterious form of dark energy (i.e. something
with negative pressure in the stress-energy tensor) accounts for the remaining ∼ 70% of
the mass-energy density.

6. – Experimental and cosmic consistency

The power spectrum results from BOOMERanG have now been confirmed and ex-
tended by independent experiments. The measurements of MAXIMA, DASI, VSA,
CBI, Archeops [20, 46, 21-24] are all consistent with the power spectrum detected by
BOOMERanG, when calibration errors are properly taken into account. Moreover, all
these independent experiments find consistent estimates for the cosmological parame-
ters. The apparently strange composition of the Universe is confirmed by independent
cosmological observations (see, e.g., [47-50]: the nature of dark matter and dark energy
remain the most important open questions in cosmology and fundamental physics.

7. – The future

CMB experiments can improve our understanding of Nature in several ways. We
will not even start to say how much the two CMB space mission (the ongoing MAP of
NASA and the incoming Planck of ESA) will impact cosmology. They will provide full
sky maps free of systematic effects, with high resolution, wide frequency coverage, and
precise calibration, resulting in precision measurements of the CMB power spectrum and
of the cosmological parameters.

The current data already hint to the nature of Dark Energy by constraining its equa-
tion of state (see, e.g., [51]): increased precision will be possible with the high quality data
MAP and Planck, and with the detection of a large number of high redshift supernovae
with the SNAP satellite [52].

CMB Polarization measurements have just detected linear polarization at a level
∼ 10% of the anisotropy [53]; further measurements, like the ones carried out by the new
BOOMERanG payload (see, e.g., [54, 55], will confirm the origin of the anisotropy and
provide evidence for the type of perturbations (adiabatic vs isocurvature, for example)
responsible for the initial density fluctuations. A window of opportunity for detection of
inflation-generated gravity waves is open for higher precision polarization and anisotropy
data [56, 51]. A subsequent generation of polarization experiments will provide deep
insight on the physics of inflation (see, e.g., [57]).
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