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Abstract

In this introductory note to the issue of theComptes Rendus Physique, I describe theABCof Cosmic Microwave Backgroun
(CMB) physics, which explains why high accuracy observations of the CMB spectrum and of its spatial structure are
tools for the determination of the global cosmological parameters and for simultaneously constraining the physics of
universe. I also briefly survey the many experiments, Archeops, Boomerang, COBE but also DASI, CBI, MAXIMA. . . to
name but a few, which have measured the anisotropies of the CMB and led to crucial advances in observational cosmo
somewhat frantic series of new results has recently culminated with the outcome of the WMAP satellite, which confirme
results, set new standards of accuracy, and suggested that the Universe may have re-ionised earlier than anticipated.
CMB experiments are currently taking data or being planned, with the Planck satellite on the 2007 Horizon poised t
all the cosmological information in the temperature anisotropies, and foray deeply into polarisation.To cite this article: F.R.
Bouchet, C. R. Physique 4 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Le CMB A, B, C, . . . , W et au-delà (P !). Dans cette note d’introduction pour le volume desComptes Rendus Physique, je
décris l’ABCde la physique du fond de rayonnement fossile à 3K (CMB) qui explique pourquoi les observations très
du spectre du CMB ainsi que de sa structure spatiale constituent un outil unique pour déterminer les paramètres cosm
globaux et pour simultanément contraindre la physique de l’univers primordial. Puis, je rappelle succintement les nom
expériences, Archeops, Boomerang, COBE mais aussi DASI, CBI, MAXIMA,. . . pour n’en nommer que quelques unes,
ont mesuré les anisotropies du CMB et ont permis des avancées cruciales en cosmologie observationnelle. La série d
résultats à un rythme assez frénétique a récemment culminée avec le satellite WMAP qui a confirmé les mesures pr
établit de nouveaux standards de précision, et suggéré que l’Univers a pu être réionisé plus tôt que prévu. Beaucou
expériences sont en cours ou à venir, dont le satellite Planck à l’horizon 2007 qui devrait extraire des anisotropies de te
toute l’information cosmologique utilisable, et apporter une contribution fondamentale à la mesure de la polarisation d
Pour citer cet article : F.R. Bouchet, C. R. Physique 4 (2003).
 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. The cosmic background

The cosmic background is the present electromagnetic content of the universe averaged over a large volume. Obser
it is defined as the isotropic background observed when one has removed the components radiated by our Galaxy or b

E-mail address:bouchet@iap.fr (F.R. Bouchet).
1631-0705/$ – see front matter 2003 Académie des sciences. Published by Elsevier SAS. All rights reserved.
doi:10.1016/j.crhy.2003.10.017
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Fig. 1. Cosmic background spectrum from radio to gamma rays, as summarised by Halpern and Scott in 1999 [22]. The intensity is
logarithmic frequency interval,νIν , so that the energy in different bands can be directly compared. Reprinted from [22].

system and of course all instrumental straylight. The spectral energy distribution of this background is shown in Fig
dominated by a microwave component which contains 93% of the energy. The CMB is the only one to be clearly diffus
has a spectrum very close to a Planck function. This shape was a definite prediction of the so-called Big Bang model w
predictions of the expected present temperature of about 5K [1] (see the review of the CMB isotropic component by
and Puget, this issue).

In this expanding model from a hot and dense phase, this Planckian shape was acquired very early, at a redshift� 107, when
reactions which do not conserve the photon number (bremsstrahlung,e → eγ , double-Comptone → eγ γ ) froze out, i.e. when
their characteristic times became larger than the expansion time (H−1 = (ȧ/a)−1, if a stands for the scale factor of the metri
Later on, the photon distribution function kept constant but for a temperature decrease proportional toa. The FIRAS instrumen
aboard the COBE satellite measured the current temperatureT0 = 2.725± 0.001 K [2] (yielding a number density of abou
400 photons per cubic centimetre).

In the early universe, baryons and photons were tightly coupled through Thomson scatterings of photons by free
(and nuclei equilibrate collisionally with electrons). When the temperature in the universe becomes smaller than abou
(which is much lower than 13.6 eV due to the large number of photons per baryons∼1.5× 109), the cosmic plasma recombine
and the ionisation ratexe falls from 1 atz > 1100 down toxe < 10−3 at z < 1100: the photons mean free path∝ 1/xe rapidly
becomes much larger than the Horizon∼cH−1, which is the distance over which causal processes can operate. As a res
universe becomes transparent to background photons, over a narrow redshift range of 200 or less. Photons will then
freely as long as galaxies and quasars do not reionise the universe (but by then the density will have fallen enough
a small fraction of the CMB photons will be rescattered). We therefore observe a thin shell around us, the Last S
‘Surface’ (LSS in short) where the overwhelming majority of photons last interacted with baryonic matter at a redshift o
when the Universe was less than 400 000 years old.

2. Structuring the Universe. . .

As we shall see, the analysis of the CMB temperature anisotropies indicated that the total energy density of the
is quite close to the so-called critical density,ρc, or equivalentlyΩ = ρ/ρc 	 1. We therefore live in a close-to-spatially fl
Universe. In agreement with the indications of other cosmological probes, the recent results of the CMB satellite WM
indicate that about 1/3 of that density appear to be contributed by matter (ΩM = 0.29± 0.07), most of which is dark – i.e
not interacting electromagnetically – and cold – i.e. it’s primordial velocity dispersion can be neglected. The usual ato
baryons) contribute less than about 5% (ΩB 	 0.047± 0.006) [4]. If present, a hot dark matter component (like mas
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Fig. 2. A numerical simulation in a 150 Mpc box of a LCDM Universe (Ω = 1, ΩΛ = 2/3, nS = 1). (a) (left) Resulting distribution of the
CDM at present (luminosity proportional to the density). (b) (right) Temporal evolution by gravitational instability of a thin (15 Mpc) s
the box. It shows the hierarchical development of structures within a global cosmic web of increasing contrast, but quite discernible e

neutrinos) does not play a significant role in determining the global evolution of the Universe. While many candidate p
have been proposed for this CDM, it has not yet been detected in laboratory experiments, although the sensitiviti
latter are now reaching the range where realistic candidates may lay. The other∼60% of the critical density is contributed by
smoothly distributed vacuum energy density or dark energy, whose net effect is repulsive, i.e. it tends to accelerate the
of the Universe. Alternatively, this effect might arise from the presence in Einstein’s equation of the famous cosm
constant term,Λ. While this global census, surprising as it may be, had been around already for some time (see Sectio
WMAP results have tightened earlier constraints and gave further confidence to the model.

The spatial distribution of galaxies revealed the existence of large scale structures (clusters of size∼5 Mpc, filaments
connecting them, and voids of size∼50 Mpc), whose existence and statistical properties can be accounted for b
development of primordial fluctuations by gravitational instability. The current paradigm is that these fluctuation
generated in the very early Universe, probably during an inflationary period; that they evolved linearly during a long
and more recently reached density contrasts high enough to form bound objects. Given the census given above, the
component that can cluster gravitationally is Cold Dark Matter (CDM).

The analysis of the CMB anisotropies also indicate that the initial fluctuation statistics had no large deviations
Gaussian distribution and that they where mostly adiabatic, i.e. all components (CDM, baryons, photons) had the sam
distribution. The power spectrum of the initial conditions appears to be closely approximated by a power lawP(k) = 〈δ2

k 〉 =
ASk

nS , whereδk stands for the Fourier transform of the density contrast (P(k) is therefore the Fourier transform of the two-po
spatial correlation function). The logarithmic slope,nS , is quite close to unity (nS = 0.99± 0.04 from WMAP alone [4]). This
shape implies that small scales collapsed first, followed by larger scales, with small objects merging to form bigger obj
formation of structures thus appear to proceedhierarchicallywithin a ‘cosmic web’ of larger structures of contrast increas
with time.

Fig. 2(a) shows the generated structures in the CDM components in a numerical simulation box of 150 Mpc, while F
shows the evolution with redshift of the density in a thin slice of that box. The statistical properties of the derived dist
(with the cosmological parameters given above) appear to provide a close match to those derived from large galaxy
Note that we performed this simulation withΩΛ = 2/3, ΩM = 1/3 in 2000, well before the WMAP results of 2002. Indeed
was already by then the favourite model.

When collapsed objects are formed, the baryonic gas initially follows the infall. However, shocks will heat that gas
can later settle in a disk and cool, and form stars and black holes which can then feed back through ionising photon
supernovae. . . on the evolution of the remaining gas (after first re-ionising the Universe atz > 6). In this picture, galaxies ar
therefore (possibly biased) tracers of the underlying large scale structures of the dark matter. This picture has had co
success, and a few shortfalls which concentrate much current cosmological activity. . .

3. ABC of CMB anisotropies

In this standard cosmological model, processes in the very early universe generated the seed fluctuations which g
all the structures we see today through the development of gravitational instability. Inflation is a class of mechanism



826 F.R. Bouchet / C. R. Physique 4 (2003) 823–832

in log–log
spectrum

n the early
sent CMB
tuations
print as

tect

n function
ce,
, at
lar scale

erved),
lopment
lysis and
odes in
ravity
nces back,

n be
e time

bring to
ression)

nsity

ld

but
Fig. 3. The expected shape of the angular power spectrum of the temperature anisotropies,C(�) (times�2 to give the logarithmic contribution
of each scale to the variance). (a) Relative contributions; it has been assumed that only scalar fluctuations are present. The plot is
coordinates. (b) As time progresses, larger and larger fluctuations start oscillating and leave their characteristic imprint on the
(reprinted from [23]).

can bring quantum fluctuations to macroscopic scales (see the review by Parentani, this issue). Phase transitions i
universe can also generate topological defects which contribute to the generation of fluctuations. Nevertheless, the pre
anisotropies data do not allow these to be the dominant source for structure formation. The evolution of primordial fluc
can be accurately followed and it was long predicted that to account for the formation of large scale structure their im
temperature fluctuations should have an rms of∼100 µK (when CDM is present, which is indeed why it took so long to de
fluctuations that small).

To analyse the statistical properties of the temperature anisotropies, we can either compute the angular correlatio
of the temperature contrastδT , or the angular power spectrumC(�) which is its spherical harmonics transform. In practi
one transforms theδT pattern ina(�,m) modes and sums overm at each multipole since the pattern should be isotropic
least for the trivial topology (see however, Uzan and Riazuelo, this issue). A given multipole corresponds to an angu
θ ∼ 180◦/�. These two-point statistics characterise completely a Gaussian field. Fig. 3(a) shows the expectedC(�) shape in the
context we have described above.

This specific shape of theC(�) arises from the interplay of several phenomena. One is the so-called ‘Sachs–Wolf effect’ [5]
which is the energy loss of photons which must ‘climb out’ of potential well at the LSS (to ultimately reach us to be obs
an effect which superimposes to the intrinsic temperature fluctuations. Fig. 3(b) gives a pictorial view of the deve
of fluctuations. Since the density contrasts of these (scalar) fluctuations is very weak, one can perform a linear ana
study each Fourier mode independently (the effect of the primordial spectrum is thus simply to weight the various m
the finalC(�)). Fig. 4 shows the (approximate) temporal evolution of the amplitude of different Fourier modes. While g
tends to enhance the contrast, the (mostly photonic) pressure resists and at some point stops the collapse which bou
and expands before recollapsing again. . . This leads to acoustic oscillations, on scales small enough that the pressure ca
effective, i.e. fork > kA, where the acoustic scalekA is set by the inverse of the distance travelled at the sound speed at th
η" considered. On scales larger than the sound horizon (k < kA ∝ 1/(cSη")), the initial contrast is simply amplified. Atk = kA
the amplification is maximal, while atk = 2kA it had time to fully bounce back. More generally, the odd-multiples ofkA are at
maximal compression, while it is the opposite for the even multiples ofkA.

One should note the displacement of the zero point of the oscillations which results from the inertia that baryons
the fluid. The rms of the modes amplitude (right plot of Fig. 4) therefore show a relative enhancement of the odd (comp
peaks versus the even (rarefaction) ones, this enhancement being directly proportional to the quantity of baryons, i.e.ΩBh2, if
h stands for the Hubble ‘constant’,H = ȧ/a, in units of 100 km/s/Mpc (todayh0 = 0.72± 0.05). Note that sinceΩX stands
for the ratio of the density ofX to the critical density (such that the Universe is spatially flat), and since that critical de
decrease with time ash−2, ΩXh2 is indeed proportional to the physical density ofX.

Let us assume that the LSS transition from opaque to transparent is instantaneous, atη = η". What we would see then shou
just be the direct image of these standing waves on the LSS; one therefore expects a series of peak at multipoles�A = kA ×D",
whereD" is the angular distance to the LSS, which depends on the geometry of the spacetime. Of course a givenk contributes
to some range in� (whenk is perpendicular to the line of sight, it contributes to lower� than when the angle decreases),
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Fig. 4. Temporal evolution of the effective temperature which sums the effects (of opposite sign) of the intrinsic temperature an
Newtonian potential fluctuations (forR = (pB + ρB)/(pγ + ργ ) = cste). (a) (left) Amplitude. Note the zero point displacement which le
to a relative enhancement of compressions. (b) (right) rms showing the enhanced odd–numbered peaks. Reprinted from [6], with
from Elsevier.

this smearing is rather limited. The dependence of the acoustic angular scale�A on geometry and sound speed leads to
dependence on the values of three cosmological parameters. One finds for instance

(�A

�A
	 −1.1

(Ω

Ω
− 0.24

(ΩMh2

ΩMh2
+ 0.07

(ΩBh2

ΩBh2
(1)

around a flat modelΩ = 1 with 15% of matter (ΩMh2 = 0.15) and 2% of baryons [6]. Note that this information on the pe
positions (and in particular that of the first one) is mostly dependent on the total value ofΩ (geometry), with some weake
dependence on the matter contentΩMh2.

As mentioned earlier, the baryons increase the inertia of the baryon–photon fluid and shifts the zero point of the osc
A larger baryonic density tends to increase the contrast between odd and even peaks; one can therefore use this contra
information to learn about the baryonic density. The influence of dark matter is more subtle. At very early times, the d
energy density is that of radiation. But the energy density of matter decreases more slowly,∝ a−3, than that of radiation,∝ a−4

(the ‘stretching’ of the photon wavelength with expansion brings in another factor ofa to the volume dilution effect felt by
matter). Therefore more matter means an earlier transition from radiation to matter domination. The current concens
this transition happens atzeq = 3454+385

−392 [4], shortly before recombination. The decay of the gravitational potential of m
oscillating in the radiation era boosts the amplitudes of the modes which started oscillating in that era, i.e. those withk > kboost
which is � kA for this value ofzeq. An earlier transition means an increase inkboost, i.e. only largerk modes are boosted
The net effect is to globallydecreasethe peak amplitude when the matter content increases (in addition to the small s
scale due to the variation of�A already noted above). The effect on the power spectrum peaks of all the matter is thus
different from that of the baryonic component alone. Therefore the shape of the spectrum is sensitive to both separa
suggests that degeneracies in the effect of these three parameters(Ω,ΩM,ΩB) can be lifted with sufficiently accurate CM
measurements.

Since the fluid is oscillating, there is also aDoppler effectin thek direction (blue dotted line in Fig. 3(a), which is zero
the acoustic peaks and maximal in between. This effect adds in quadrature to the Sachs–Wolf effect considered so fa
if we imagine an acoustic wave withk perpendicular to the line of sight, we see no Doppler effect, while for ak parallel to the
line of sight, the Doppler effect is maximal and the Sachs–Wolf effect is null. This smoothes out the peak and trough s
although not completely since the Doppler effect is somewhat weaker than the SW effect (by an amount∝ ΩBh2). Therefore
an increase in the baryonic abundance also increases the peak-trough contrast (in addition to the odd–even peak con

So far we have considered the fluid as perfect and the transition to transparence as instantaneous, none of which
true. Photons scattered by electrons through Thomson scattering in the baryons–photons fluid perform a random
diffuse away proportionally to the square root of time (in comoving coordinates which remove the effect of expansion
more numerous than the electrons by a factor of a few billion, they drag the electrons with them (which by collisions



828 F.R. Bouchet / C. R. Physique 4 (2003) 823–832

damping
trons and
id, there
rn to

y can lose
owth of
in energy

he line of
-
ch
pattern

nd in fact
e residual

10
only of

lectrons
hich
of sight
e
s.
long
and their
primary
s, like
sive black
wever, for
s for the
Lagache

d Lamarre

redicted
ial scalar
the low-

er than the
ften
ted that

velocity
arisation.
ure
risation
removing

h

t way to
rther

o

turn the protons). Therefore all fluctuations smaller than the diffusion scale are severely dampened. This so-called Silk
is enhanced by the rapid increase of this diffusion scale during the rapid but not instantaneous combination of elec
protons which leads to the transparence. As a result of the finite thickness of the LSS and the imperfection of the flu
is an exponential cut-off of the large-� part of the angular power spectrum. There is therefore not much primordial patte
observe at scales smaller than∼5′.

After recombination, photons must travel through the developing large scale structures to reach the observer. The
energy by having to climb out of potential well which are deeper than when they fell in (depending on the rate of gr
structures, which depends in turn on the cosmological census). Of course the reciprocal is also true, i.e. they can ga
from forming voids. These tend to cancel at small scale since the observer only sees the integrated effect along t
sight. The red dotted line of Fig. 3 shows the typical shape of thatIntegrated Sachs–Wolf(ISW) contribution. The ISW is anti
correlated with the Sachs–Wolf effect, so that the total power spectrumC(�) is in fact a bit smaller than the spectrum of ea
taken separately. Finally, other small secondary fluctuations might also leave their imprint, like the lensing of the LSS
by the intervening structures, which smoothes slightly the spectrum. However, that can be predicted accurately too. A
the smoothing kernel dependence on cosmological parameters introduces small effects that may help reducing som
degeneracies between the effect of parameters on the power spectrum shape.

4. Complications

Other secondary effects, imprinted after recombination, are generally much weaker (at scales>5′). For instance, theRees–
Sciamaeffect [7] (a non-linear version of the ISW) generates temperature fluctuations, with amplitudes of about a few−7 to
10−6; its amplitude is maximum for scales between 10 and 40 arc minutes [8]. At the degree scale, this contribution is
the order of 0.01 to 0.1% of the primary CMB power. The inverse Compton scattering of the CMB photons on the free e
of hot intra-cluster gas produces theSunyaev–Zel’dovich(SZ) effect [9–11]. This effect has a specific spectral signature w
should allow separating it, at least in a sufficiently sensitive multi-frequency experiment. But the motion along the line
of clusters induces a first order Doppler effect, usually called theKinetic Sunyaev–Zel’dovicheffect, which is a true sourc
of temperature fluctuation, albeit rather weak (the rms cluster velocity is∼10−3c) and in the specific direction of cluster
A similar effect, theOstriker–Vishniac effect[12,13] arises from the correlations of the density and velocity perturbations a
the line of sight, when the universe is totally ionised. The corresponding anisotropies are at the few arc-minute scale
amplitudes depend much on the ionisation history of the universe [14,15]. However, they remain smaller than the
anisotropies for� < 2000. This type of Doppler effect can in fact happen in all sorts of objects containing ionised ga
expanding shells around the sources that reionised the Universe [16–19], or primordial galaxies hosting super-mas
holes [20], but the relevant angular scales are rather in the arc second range or smaller. This does not hold true, ho
various foreground emission, like those of our own Galaxy (see the review by Giard and Lagache, this issue). But, a
Sunyaev–Zel’dovich effect, one can use multi-frequency observations to separate them out rather well. The note by
and Aghanim (this issue) provides a review of these secondary effects and foregrounds. The note by Bouchet, Piat an
(this issue) shows the expected residuals of the component separation for the WMAP and Planck satellites.

Until now, we only considered scalar fluctuations. Vectorial perturbations tend to decay with expansion and are not p
to leave any imprint on the spectrum. But it is anticipated that the very same process that generated the primord
fluctuations also created a stochastic background of gravity waves. This weak tensorial contribution only appears in
� part of the spectrum, before the first peak (since these waves decay as soon as their wavelength becomes small
horizon, which roughly corresponds in� to the first peak). At the current level of experimental precision it is most o
ignored. However, this contribution is much more significant for the polarised part of the emission. Indeed, it is expec
the CMB fluctuations will be slightly polarised (see the review by Kaplan et al. in this issue).

Thomson scatterings can create polarisation provided the incident radiation is not isotropic, which can be induced by
gradients in the baryon–photon fluid. Before recombination, successive scatterings destroy the build up of any pol
One therefore anticipates a small degree of polarisation createdat recombination, partially correlated with the temperat
anisotropies (the velocity part of it). The degree of polarisation predicted for the CMB is of the order of 10%. Pola
measurements of the CMB can therefore check the internal consistency of the measurements and help further
degeneracies, like that betweennS , the logarithmic slope of the scalar initial spectrum andτ , the optical depth to LSS (whic
controls the exponential cutoff of theC(�) and can mimic the tilt of the spectrum produced by changingnS ).

More importantly, polarisation measurements (see the review by Delabrouille et al., this issue) will provide the bes
constrain the tensor to scalar ratio,r = AS/AT (of the normalisations of the primordial perturbations spectra). They may fu
lead to checking the consistency relation betweenr and the logarithmic slope of the gravitational wave power spectrum,nT ,
which is predicted for inflation. Currently we can only say thatr < 0.71 at 95% confidence limit [4], if only CMB data with n
further priors are used, with essentially no constraint onnT , but the data will undoubtly continue to improve.
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So far we concentrated on the case of adiabatic perturbations which develop under their own gravity when they a
larger than the sound horizon. After they enter this horizon, they become gravitationally stable and oscillate till the U
becomes transparent. All perturbations of the same scale are in phase as they were all laid down and started to dev
same time. These will lead to the so-called acoustic peaks in the resulting CMB power spectrum. In the case of acti
of fluctuations such as in defects theories, perturbations are laid down at all times, they are generically isocurvature
Gaussian (see the review by Langlois, this issue), and the phases of the perturbations of a given scale are incoher
does not lead to many oscillation like in the coherent (e.g., inflationary) case. A single broad peak is expected, and th
current CMB anisotropy data already indicates that defects cannot be a major source of CMB fluctuations and hen
seed by themselves the growth of the large scale structures of the Universe.

In summary,the seeds of large scale structures must have left an imprint on the CMB, and the statistical character
that imprint can be precisely predicted as a function of the properties of the primordial fluctuations and of the homog
Universe. Reciprocally, we can use measurements of the anisotropies to constrain those properties.

5. Observations of CMB anisotropies

Many locations have been considered for CMB observations: ground-based telescopes at many places in the world
at the South Pole, air-planes, stratospheric balloons, satellites around the Earth, and satellites far from the Earth.
parameters related to the location are the atmospheric absorption and emission and the proximity of sources of stray
Earth’s atmosphere is a very strong source at millimetre and submillimetre wavelengths [21]. It is therefore a source o
noise. In addition, it is not perfectly uniform and the slowly changing structure of its emission adds noise that can be c
with CMB anisotropies. Even at stratospheric balloon altitudes (35 to 40 km), one may encounter structures at low
frequencies that limit measurement stability. Only satellites are free of this first ‘layer’ of spurious emission.

Straylight coming from the Earth is a common problem for all locations except for space probes distant from the
seen from the instrument. The brightness temperature of about 250 K of the Earth times its solid angle has to be c
with the instrument sensitivity in brightness times the beam solid angle. For a mission in low Earth orbit the ratio is 6× 1013

and at the L2 Lagrange point the ratio is 5× 109, at the wavelengths of interest, diffraction is a major source of straylight,
modelling and experimentation can hardly estimate reliably or measure the very low side lobes needed to meet this
high rejection ratio. The problem is severe enough to have motivated the choice of the Lagrangian point L2 of the Su
system, at about 1.5 million kilometres from Earth, to locate the new generation of satellites WMAP and Planck.

The first clear detection of the CMB anisotropies was made in 1992 by the DMR instrument aboard the earth-orbitin
satellite (and soon afterwards by FIRS), with a ten degree (effective) beam and a signal to noise per pixel around 1.
to a clear detection of the large scale, low-�, Sachs–Wolf effect. The flatness of the curve (see Fig. 5(a)) indicated th
logarithmic slope of the primordial power spectrum,nS , could not be far from one. The∼30 µK height of the plateau gave
direct estimate of the normalisation of the spectrum,AS (assuming the simplest theoretical framework, without much pos
direct checks of the other predictions given the data).

In the next four years (Fig. 5(a)), a number of experiments started to suggest an increase of power around the deg
i.e. at� ∼ 200. As shown by Fig. 5(b), by 1999 there was clear indication by many experiments taken together that a fi
had been detected. However, neither the height nor the location of that peak could be determined precisely, in particul
of the relative calibration uncertainties (and possible residual systematics errors).

That situation changed in May 2000 when the BOOMERanG and MAXIMA (see Stompor et al., this issue) collabo
both announced a rather precise detection of the power spectrum from� ∼ 50 to� � 600. That brought a clear determination
the first peak around an� of 220 (see panel (c)), with the immediate implications thatΩ had to be close to one. This result h
considerable resonance since it clearly indicated, after decades of intensive work, that the spatial geometry of the U
close to flat, with of course the imprecision due to the poor determination of the other parameters which also have an
albeit weaker, on the position of that peak (see Eq. (1)).

As recalled earlier, a crucial prediction of the simplest adiabatic scenario is the existence of a series of acoustic pea
relative contrast between the odd and even ones gives a rather direct handle on the baryonic abundance. In addition, o
to see at larger� the damping tail. All of these have now been established by the DASI 2001 experiment, an improved a
of BOOMERanG, and by the release in May of this year of the VSA and CBI results. In addition the Archeops experime
at the end of 2002 a quite precise determination of the low-� part of the spectrum (see Hamilton, Benoit et al. in this iss
Panel (d) of Fig. 5 shows a co-analysis performed by Bond of all results obtained till the end of 2002, as well as th
determination by the WMAP satellite. Clearly, all the pre-WMAP sub-orbital experiments had done quite a wonderfu
pinning down the global shape of the temperature spectra. This panel also shows the spectrum as we know it today
experimental results are analysed together.
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Fig. 5. Successive Measurements of the power spectrum. The first panel at top left shows all published detection at the end of 1996
second plot at right is an update at the end of 1999. The left bottom plot shows the two results published in May 2000 by the BOO
and MAXIMA teams (with each curve moved by+ or −1σ of their respective calibration). The final panel at bottom left (courtesy D. Bo
shows in purple the optimal spectra in 26 bands (allowing for calibration errors in each experiment) from the co-analysis of all data (
Archeops, the extended VSA, ACBAR and a preliminary version of the 2 year CBI data) until January 2003, as well as the WMAP s
(blue points), and the spectrum as we know it today (black points) when all experimental evidence are used.

Fig. 6 shows the constraints successively posed by these CMB experiments on some of the parameters of the mo
only weak priors arising from other cosmological studies (see a review by Douspis, this issue). These priors state that t
Hubble ‘constant’,H0 = 100h km/s/Mpc 	 h/(1010 yr), has to have a value between 45 and 90 km/s/Mpc, that the age o
the Universe has to be greater than 10 billion years and that the matter density is larger than 1/10 of the critical density, all o
which can be considered as very well established (if for instance the Universe has to be older than it’s oldest stars!).

The top left panel shows that indeed the curvature termΩk = 1−Ω has to be close to zero. The panel on the right shows
ΩΛ andωc = ΩCDMh2 are not well determined independently of each other by single experiments. This simply refle
fact that theC(�) global pattern scales by the angular distance (recall�A = kAD") which is determined by the geometry (i.e
Ω = ΩΛ + ΩCDM(+ΩB)), while the data is not precise enough to uncover the subtler effects which break that dege
However, this degeneracy was lifted by the co-analysis of all experiments, even before WMAP, and independent
supernovae result (see also the discussion by Blanchard, Bartlett and Douspis, this issue). . .

The bottom left panel lends support to thens = 1 hypothesis. Many inflationary models suggest value ofns slightly
lower than one (and even departures from a pure power law), but the data is not yet good enough to address these
convincingly. Completing the review, the bottom right shows the contours in theωb–ωc plane. The CMB determination turn
out to be in excellent agreement with the constraints from primordial nucleosynthesis calculations which yieldωb = ΩBh2 =
0.019± 0.002.

In summary, this shows that many of the theoretical predictions corresponding to the simplest scenario for the ge
of initial conditions (Gaussian statistics, adiabatic modes, no tensorial contribution, a scale invariant power spectrum
Universe dominated by dark energy and cold dark matter have now been detected, from the Sachs–Wolf plateau, to
of peaks starting at� 	 220, to the damping tail, together with a first detection of the CMB polarisation at the expected
The derived parameters are consistent with the various constraints from other cosmological probes and there are
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Fig. 6. Successive constraints in theΩk = 1−Ω , ΩΛ, nS , ωB = ΩBh2 versusωc = ΩCDMh2 cuts in the global parameter space fitted to
C(�) successive data, using COBE/DMR in all cases. The colour coding is the following: CBI= black, VSA= (outer) red, Archeops= yellow,
ACBAR = blue, Ruhl cut for Boomerang= magenta. Green corresponds to Acbar+ Archeops+ Ruhl+ DASI + Maxima+ VSA + CBI. The
interior red is all of the above+ WMAP with no prior onτ , while black is with atau prior motivated by their ‘model independent’ result fro
the TE analysis (it is broader than a 0.16± 0.04 Gaussian). (Courtesy D. Bond.)

signs of inconsistencies. This was in fact in place before the WMAP results, but it is remarkable that adding WMAP es
zooms-in to the expected values, bringing now further support to the model and its parameters, as recalled in Section

This is quite an achievement already, although the CMB constraining power on the theoretical parameters is
exhausted and a number of crucial predictions of the theory still remain to be checked. Many ground and balloon exp
will undoubtedly continue uncovering the properties of the polarised CMB emission (see Delabrouille et al., this issue)
should then definitely fix the temperature power spectrum, provide a very accurate view of the E polarisation, and might
the B spectrum. Nevertheless a precise determination of the latter will probably have to await a next (fourth) generation
dedicated to the measurement of polarisation. In the process, we shall also learn more about astrophysical foregro
clusters, IR galaxies and radio-sources, and the interstellar medium of our own Galaxy.

6. Conclusions

Measurements of the CMB are quite unique in the ensemble of astrophysical observations that are used to
cosmological models. They have the same character as fundamental physics experiments; they relate fundament
parameters describing our world to well specified signatures which can be predicted before hand with great accuracy.

The knowledge of CMB anisotropies has literally exploded in the last decade, since their momentous discovery in
the DMR experiment on the COBE satellite. Since then, the global shape of the spectrum has been uncovered thank
ground and balloon experiment and most recently the WMAP satellite, so far confirming the simplest inflationary mo
helping shape our surprising view of the Universe: spatially flat, and dominated by dark energy (orΛ) and cold dark matter
with only a few per cent of atoms. However, the quest is far from over, with many predictions still awaiting to be check
many parameters in need of better determination.

If the next 10 years are as fruitful as the past decade, many cosmological questions should be settled, from
determination of all cosmological parameters to the characteristics of the mechanism which seeded the growth of
in our Universe, if something even more exciting than what is currently foreseen does not surge from the future data. .
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