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We are now in a new era of precision cosmology that enables use the Cosmic Microwave

Background (CMB) temperature and polarisation anisotropasurements to constrain the
cosmological parameters and the underlying theoreticaleiso From all the CMB experiments,

a firm detection of the acoustic peaks in the CMB temperatarveep spectrum, a measurement
of the temperature-polarisation cross-correlation a$ agthe E-mode low multipole spectrum
have been obtained. In the framework of adiabatic cold daxtenmodels, this provides strong
evidences for the inflationary predictions and sheds nevw éig various cosmological parameters.

Future CMB experiments will be even more powerful as theydesigned to achieve n more
evaccurate measurements of temperature anisotropiestdaavfew arcminute scales as well as
polarisation measures. CMB measurements will be quitauiseprobe astrophysically induced
effects like thoses associated with secondary anisosagiel reionisation. After matter and
radiation decoupled arourml= 1100, universe became neutral with a low residual ionisatio
fraction of about 10*. Observations of the the Gunn-Peterson thoughts (e.g. tFain 8003)

in the line of sight of quasars with redshifts as high~a$.5 however show that the universe
is ionised. The transition underwent by the universe froratraé to ionised state is called
reionisation. Recently, CMB observations have added cangs on reionisation. Through the
measurement of the cross-correlation between temperatdreolarisation signals (Kogut et al.
2003) and more recently through the measure of the polasigedl (Page et al. 2006), we have
good contraints on the value of the Thomson optical depth0.09. Reionisation most likely
occured when first emitting sources formed. We still do navkiprecisely what are the sources
that powered it, when reionisation did it exactly occur and/ong did it take?

In the following, we briefly review the effects of reionigati on the CMB temperature and po-
larisation anisotropies both on large and small anguldesc& he reionisation process needs to
be known in detail if one wants to use the CMB signal as an ebsienal probe of the early
universe. We briefly review some fundamental issues for whéionisation plays an important
role. We show that reionisation needs to be understood anlglited for its own sake but also for
cosmological studies.
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Figure 1. From Hu & Dodelson (2002), panel (a) represents the secgredfacts from gravitational inter-
action. Panel (b) shows the effects of reionisation: sigiwesof primary (dashed), and secondary additional
fluctuations

1. Effects of reionisation on CM B anisotropies

At reionisation interactions between CMB photons and fleeteons randomise the directions
of propagation of the fraction of rescattered photons. Agsllt, some of the primary CMB
anisotropies are suppressed and the power in the acoualis redamped by a factor ep27).
At the same time, the scattering with electrons moving atbedine of sight, with velocity, (6,t),
generates secondary anisotropies through Doppler effeetKig. 1). Their amplitude is given by:

AT—T(e) :/dn a(n)g(n)w(6,n) = —/dt ore 0 0ny(8,)v (6,1) (1.1)

The electron density can be written &g60,t) = ne(0,t)[1+4 0 + ], with ne(8,t) the average
number of electrons andl and d,, the fluctuations of density and ionisation fraction respebt.
Equation 1.1 shows that there are two second order effedtshvetffect the probability of scat-
tering of the CMB photons (e.g. Dodelson & Jubas 1995) an@igde secondary anisotropies.
They are referred to as modulations of the Doppler effeet (ihe velocity field) by density and
ionisation spatial variations. The second effect is comgnaaferred to as the inhomogeneous or
patchy reionisation (e.g. Aghanim et al. 1996). The firstetfis usually called Ostriker-Vishniac
effect (Ostriker & Vishniac 1986) in the linear regime. Thanrinear regime corresponds to the
kinetic Sunyaev-Zeldovich (KSZ) effect (Sunyaev & Zelddvil980) and is usually caused by
interactions with ionised gas in collapsed structures gjaxy clusters. Secondary temperature
anisotropies (see Fig. 1), in particular those arising ftbenlinear regime and the inhomogeneous
reionisation, are additional observational probes ofnisition. However, since their amplitudes
are much smaller than other secondary anisotropies gedeocat similar scales (e.g. KSZ and
thermal Sunyaev-Zeldovich) or than primary anisotroptesy are difficult to use in practice to
constrain reionisation models.
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Figure 2: From Holder et al.(2003), left panel is the ionisation fractand right panel the polarisation
spectrum for diffrent reionisation models

Another aspect of reionisation is the induced polarisatibhe CMB radiation posses a pri-
mary quadrupole moment. Thomson scattering between the givBns and free electrons thus
generates linear polarisation both at recombination aiwhisation. In the latter, photons rescat-
tering generate a new polarisation anisotropy at large langeale (see Fig. 1, solid thick line)
corresponding to the horizon size at reionisation (Ng & N§€)9 It results in a bump in the E-
mode polarisation power spectrum which location depends®tionisation redshift, (€.9. Liu
et al. 01). Such a bump can also be observed in the correladitmeen temperature and E-mode
polarisation with an amplitude proportionaltoThe E-mode polarisation signal is, in turn, propor-
tional to 2. In addition toz., we can thus have insight on the optical deptthrough the height
but also the width of the bump. Precise measurements (cogrignce limited) of the E-mode
polarisation power spectrum allow us to five uncorrelatemhiners associated with the eigenmodes
of the reionisation history (e.g. Hu & Holder 2003). Thisgein tightly constraining the reioni-
sation models and distinguishing the transition betweetigb@and total reionisation (e.g. Holder
et al. 2003). Planck will constrain partial or double regation to the percent level discriminat-
ing between different models with identical optical deptiaplinghat et al. 2003). Similarly to
the temperature case, secondary polarisation is genematadall angular scales at reionisation.
The signal, computed both analytically (e.g. Santos et @D32and using numerical simulations
(e.g. Liu et al. 2001), was found too small to be detected kypitesent and near future CMB
experiments (see Fig. 1, thin dashed, dotted and solid)lines

2. Probing the early univer se through reionisation

Measuring the CMB temperature and polarisation anisafs obviously a very good tool
to probe reionisation models. Furthermore, a perfect measent and understanding of reion-
isation (duration and epoch) are needed for primordial emsi studies. CMB temperature and
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Figure3: From Liu et al.(2001), polarisation power sepectra fronmaniy signal (solid thick line) and from
secondary effects for different reionisation models (tfeshed, dotted and solid lines)

polarisation anisotropies indeed trace the early univémsmigh probing inflation and measuring
the cosmological parameters.

The temperature/E-mode polarisation anti-correlatioseoled around = 30 indicates that
inflation is the likely origin for the primary perturbatiofs.g. Spergel & Zaldarriage 1997, Peiris
et al 2003). However, the tilt of the primordial power spaotrinferred from CMB observations
is degenerate with the reionisation optical depth. Adddity, secondary anisotropies induced by
reionisation generate small scale anisotropies which agditnary CMB. As a result, future tests
of inflation through the spectral index valagand its running need quite a good knowledge of the
reionisation process and effects. Furthermore, the nisaiin of the initial power spectrum is
degenerate with the damping of the temperature anisogopi®ther words withr.

The B-mode polarisation signal is a unique observatioreder of the stochastic gravita-
tional wave background which in turn probes the energy sufileflation (e.g. Starobinsky 1979,
Mukhanov 2005). The expected signal is quite small at10. At intermediate scales, around
£ =100, the primary signal superimposes to secondary B-maueeted from E-modes by weak
lensing on large scale structures. Here again reionisatiquite important since it enhances the B-
mode signal at large scales< 10), the horizon scale at reionisation. As a matter of fhet.same
free electrons producing the E-mode bump at small multgpstatter the quadrupole produced by
the tensor modes (gravitational waves). They produce a Iwith@n amplitude proportional to?.
Reionisation therefore eases the measurement of the B-pnwdary polarisation (e.g. Kaplinghat
et al. 2003). However, a good measurement of lratimdng, and its tilt, is needed to constrain the
so-called scalar to tensor ratio.

Decaying particles remain an option for reionisation tisagiite hard to constrain. One ex-
ample is decaying sterile neutrinos (e.g. Boehm et al. 20@wse decay products, relativistic
electrons, induce partial ionisation. Reionisation isithempleted by subsequent star formation at
lower redshifts. Neutrino with a mass €200 MeV and a decay time ef 10° yrs can account for
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an optical depth as high as 0.16 without violating existingjts on the gamma-ray backgrounds
(Hansen & Haiman 2004). Partial reionisation by steriletriras leave specific imprints on the
temperature and polarisation CMB anisotropies that carbBerged with future precise measure-
ments with Planck (Padmanhaban & Finkbeiner 2005).

3. Conclusions

Reionisation is intimately linked to the end of the dark agad the formation of the first
objects whose ionising photons consumed the neutral hgdragpms. It is one of the less known
epochs of the evolution of the universe. Most associatedtiuns remains unknown. As a matter
of fact, we do not know what is the source of ionising photoB® particles contribute to the
ionising budget or is the latter related to the first emittoijects only? What are these objects:
mini-Black Holes, metal free massive pop Il stars, starlgaiaxies? We do not know neither
when did the reionisation occur, if it was instantaneousifindt and how long it lasted.

Probing the reionisation of the universe requires to udergifit observational signatures. Ul-
timately, the CMB data (polarisation and temperature) imismation with other direct or indirect
observational probes like 21cm emission andr labsorption by neutral HI, metal abundances, X-
rays, infrared background or Gamma ray bursts will permitaited reconstruction of the physics
of reionisation.
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