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With the advent in the near future of radio telescopes as LOFAR, a new window on the high-
redshift universe will be opened. In particular, it will be possible, for the rst time, to observe the

21cm signal from the diffuse intergalactic medium (IGM) prior to its reionization and thus probe
the dark ages. In thistalk | have discussed about the theoretical modeling of the reionization
process, the observability of the 21cm signal from the diffuse IGM and the efforts ongoing within
the LOFAR Epoch of Reionization Working Group.
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1. Introduction

After the Big Bang the Universeis lled with hot plasma. Foll owing its expansion though the
gas cools down and eventually becomes neutral at z 1300 (recombination epoch). The period
which follows is commonly known as the Dark Ages and ends when the rst structures start to
form and produce ionizing radiation. This marks the beginning of the reionization process, which
iscomplete by z 6. Eventually, these early structures evolve into those observed presently.

From an observationa point of view, information on the Universe at the recombination epoch
is available via the detection of the Cosmic Microwave Background (CMB) radiation, while the
present generation of telescopes in the UV/optical/IR probe the cosmosuptoz 8 (e.g. Otaet a.
2007; Ouchi et al. 2009; Salvaterra et al. 2009). Nevertheless a large observational gap still exist,
that will be partially covered by the planned generation of instruments that will explore the FIR
and radio bands.

Why is the intergalactic medium ionized? Evidence of the reionization of the intergalactic
medium (IGM) comes from the observations of high-z quasars, whose spectra show absorption
features due to neutral hydrogen intervening between the quasars and the observer. The HI optical

depth can be written as: e

TH) 6:5 105XH| 11;02 ) (l.l)
where xy, is the fraction of HI. Given the extremely high value of 14, the fact that we observe
radiation at frequencies larger than the Lya emitted by the quasars indicates that the intervening
IGM must be in a highly ionization state and xu, close to zero.

Observational constraints on thereionization process. Because the intensity of the absorp-
tion observed in the quasars spectra depends on the amount of HI present, observations of high-z
guasars are used to put constraints on the abundance of neutral hydrogen at high redshift. The
vaue inferred from these observations though can vary substantially, with xy; > 0:1, Xy, > 0:033,
XH1 < 0:06 (e.g. Wyithe & Loeb 2004; Oh & Furlanetto 2005; Mesinger & Haiman 2007; Masdlli
et al. 2007; Bolton & Haehnelt 2007), just to mention afew.

An additional observational constraint comes from the detection of anisotropies in the power
spectrum of the CMB, induced by the interaction between the CMB photons and the electrons
produced during the reionization process. More precisdly, the value of the Thomson scattering
optical depth, 1, measured by WMAP after 1, 3 and 5 years of operation is0.16  0.04, 0.09
0.03 anc&0.087 0.017 respectively (Kogut et al. 2003; Spergel et a. 2007; Dunkley et al. 2008).
Ast. 0 ne(2)dz wherene isthe electron number density, it gives an estimate of the global amount
of electrons produced during the reionization process, but no information is available on how these
electrons are distributed in space and time.

Thus, the available observations offer constraints on the latest stages of reionization and on
the global amount of electrons produced, but to have information on, e.g., the sources of ionization
or the history of the reionization process, different type of observations are needed (see Sec. 3).

Theoretical modeling of thereionization process. The ingredients necessary to describe the
reionization process are the following:

a modd to follow the formation and evolution of galaxies, possibly including the various
feedback effects that regulate the process;
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Figure 1: Reionization maps showing the redshift evolution of the number density of neutral hydrogen in
the eld (L = 20h * Mpc comoving box; left panels) and in a protocluster environment (L = 10h * Mpc
comoving box; right panels). From top to bottom the redshift of the simulationsis 15.5, 12 and 9 (Ciardi,
Stoehr & White 2003; Ciardi, Ferrara& White 2003).

the properties of the ionizing sources, which could be of stellar type, quasars or more exotic
sources like e.g. dark matter decay or annihilation;

amethod to follow the propagation of the photons emitted by such sources.

While the second item is probably the most uncertain and parameters (e.g. for stellar type sources
their Initial Mass Function [IMF] or the escape fraction of ionizing photons, fe:) are needed to
describe the properties of the sources, the third item is the most challenging from a numerical point
of view. Infact, the full solution of the seven dimension radiative transfer (RT) equation (three spa-
tial coordinates, two angles, frequency and time) is still well beyond our computational capabilities
and, although in some speci ¢ casesit is possible to reduce i ts dimensionality, for the reionization
process no spatial symmetry can be invoked. Thus, an increasing effort has been devoted to the de-
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velopment of radiative transfer codes based on avariety of approaches and approximations, which
have been tested and compared in Iliev et al. (2006).

2. Simulations of cosmic reionization

Through the years our group has run several simulations of IGM reionization (i) using simu-
lations of galaxy formation of box dimension 10-20 h 1 Mpc comoving run at the MPA (Springel
et al. 2000; Stoehr et a. 2004) to retrieve the properties of gas and galaxies; (ii) adopting different
characteristics for the source properties (i.e. adopting for the stellar sources a standard Salpeter
IMF or a Larson IMF biased towards massive stars; varying the value of the escape fraction of
ionizing photons in the range 5-20 %); (iii) using the Monte Carlo radiative transfer code CRASH
(Ciardi et a. 2001; Masdlli, Ferrara & Ciardi 2003; Maselli, Ciardi & Kanekar 2009) to follow the
propagation of ionizing photons. In some simulations we aso included sub-grid physics to take
into account the effect of unresolved minihalos on the reionization process. In Figure 1 a typical
reionization history is shown (Ciardi, Stoehr & White 2003: Ciardi, Ferrara & White 2003; Ciardi
et a. 2006).

The reionization histories mentioned above produce a Thomson scattering optical depth in the
range 0.11-0.17, depending on the parameters/approximations adopted. Thus, the uncertainties in
the theoretical modeling of the reionization process are still large enough to accommodate the value
of T measured by the WMAP satdllite (see Introduction). In order to put more severe constraints
on our theoretical models a different type of observations is needed.

3. 21cm line diagnostic

Theideal observation to shed light on the reionization processis the detection of the 21cm line
from neutral hydrogen (see Furlanetto, Oh & Briggs 2006 for areview on the topic). The ground
state of HI has a hyper ne structure and anytime a transition takes place between the hyper ne
states a photon is emitted or absorbed with awavelength of 21cm. Thus, observations at different
frequencies would give information on the state of HI at different redshifts, providing insight on
the spatial and temporal evolution of the reionization process.

Such a line is expected to be observed in terms of the effects that it has on a background
radiation. Typically, the CMB is considered. What we expect to observe is then the differential
brightness temperature, dTy, between the CMB and a patch of HI with optical depth 1, and spin
temperature Tg (which regulates the population of the atomic levels). Thisis given by:

Is Tcws lcms
OT O 1 ; 3.1
° 1+z Ts (3.1)

where Touvp is the CMB temperature. From the above equation follows that if Tg is equal to Tems
0Ty iszero and no line can be observed, if instead it islarger (smaller) than Tewgs thelineis expected
to be observed in emission (absorption) against the CMB. Thus, the value of the spin temperature
is crucial for the observation of the line. T can be written as a weighted mean between Teyg and
the kinetic temperature of the gas, T:

— Tems + (Yo +Ye) Tk, (3.2)
1+ys+Ye 1 .

Ts
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Figure 2: Upper panel: Evolution of the spin temperature for a Salpeter (solid lines) and a VMS (dashed)
IMF, and in the absence of a Lya background (dotted). Tcywg and Tk are plotted as upper and lower dotted-
dashed lines, respectively. Lower panel: Evolution of the differential brightness temperature. Lines are the
same as in the upper panel.See Ciardi & Salvaterra (2007) for details.

where y, and y. is the ef ciency in coupling Ts to Ty due to Lya scattering and collisions (with
H atoms, electrons and protons) respectively (see Ciardi & Salvaterra 2007 for the values adopted
here). Whileat z> 20y, isdominant, at lower redshift scattering with the Lya photons emitted by
the rst starsisthe most ef cient process (Wouthuysen 1952 ; Field 1959; Hirata 2006; Pritchard &
Furlanetto 2006). In addition, Lya photons could be able to heat the IGM temperature above the
CMB temperature and render the 21cm line visible in emission.

The genera picture that we expect is shown in Figure 2 for two different populations of stars
producing Lya photons, i.e. metal-free stars with a Salpeter IMF and Very Massive Stars (VMS)
with amass of 300 M . In the upper panel we show the evolution of the spin temperature for a
Salpeter (solid lines) and a VMS (dashed) IMF, and in the absence of a Lya background (dotted).
Teme and Ty are plotted as upper and lower dotted-dashed lines, respectively. In the lower pand the
evolution of the corresponding differential brightness temperature is shown. At very high redshift
Ts = Tx = Tems and thus no signal is expected. Once the evolution of Tomg and Ty decouples,
collisions in the gas are ef cient in maintaining an equilib rium between T and Ty and thus the
line can be observed in absorption, but at z< 20 collisions are not ef cient anymore and a thermal
equilibrium with the CMB is quickly reached. Thisis the epoch when the rst sources of radiation
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