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In this talk | have presented theoretical models of the coggibnization process and discussed
ongoing activities within the LOFAR Epoch of Reionizatioro¥king Group.

It has long been known that the most promising tool to inga¢é the EoR is via the 21cm line
from neutral hydrogen, which is expected to be seen in earis®i absorption against the CMB.
The generation of radio interferometers which is preseoding built should be able to detect
such line. Among these telescopes, LOFAR is in a very advhnoastruction phase and data
are flowing. Thus, a great effort is being done within the ViflagkGroup to produce a number
of ad hoc theoretical models to be compared with observatidie ultimate challenge for the
detection of the cosmological signal though will be to sapait from the foreground signal,

which is orders of magnitude higher. Thus, in addition toudating mock reionization histories,

an ongoing effort is being done to identify the best techaituextract the primary signal.
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1. Introduction

After the Big Bang the Universe is filled with hot plasma. Following its expangiongh the
gas cools down and eventually becomes neutral~atl300 (recombination epoch). The period
which follows is commonly known as the Dark Ages and ends when the fitgitstes start to
form and produce ionizing radiation. This marks the beginning of the reatiniz process, which
is complete by ~ 6. Eventually, these early structures evolve into those observed fyesen

From an observational point of view, information on the Universe atéhembination epoch
is available via the detection of the Cosmic Microwave Background (CMBatiad, while the
present generation of telescopes in the UV/optical/IR probe the cosmogzup8de.g. Ota et al.
2007; Ouchi et al. 2009; Salvaterra et al. 2009). The new recartidéen set by a spectroscopically
confirmed galaxy at ~ 8.6 (Lehnert et al. 2010). Nevertheless a large observational gap<gtil] e
that will be partially covered by the planned generation of instruments thaexplore the FIR
and radio bands.

Observational constraintson the reionization process. Because the intensity of the absorp-
tion observed in the quasars’ spectra depends on the amount of lé@hprebservations of high-
quasars are used to put constraints on the abundance of neutrajégdat high redshift. The
value inferred from these observations though can vary substantighyxyy > 0.1, x4, > 0.033,
Xq1 < 0.06 (e.g. Wyithe & Loeb 2004; Oh & Furlanetto 2005; Mesinger & Haiman 2008&selli
et al. 2007; Bolton & Haehnelt 2007), just to mention a few. Galaxies anBSGiRe used as well
as probes of the latest stages of the reionization process, as more andrmbeing discovered at
redshift even higher than those of the quasars.

An additional observational constraint comes from the detection of aoEet in the power
spectrum of the CMB, induced by the interaction between the CMB photahghenelectrons
produced during the reionization process. More precisely, the valtieeoThomson scattering
optical depth,re, measured by WMAP after 1, 3, 5 and 7 years of operation is €.0604, 0.09
+ 0.03, 0.0874+ 0.017 and 0.088 0.015 respectively (Kogut et al. 2003; Spergel et al. 2007,
Dunkley et al. 2008; Larson et al. 2010). AsO [ ne(z)dz, wherene is the electron number
density, it gives an estimate of the global amount of electrons produa@uydhe reionization
process, but no information is available on how these electrons are disttiipuspace and time.

Thus, the available observations offer constraints on the latest stage®mization and on
the global amount of electrons produced, but to have information ontleegspurces of ionization
or the history of the reionization process, different type of observatna needed (see Sec. 3).

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

e a model to follow the formation and evolution of galaxies, possibly including gréous
feedback effects that regulate the process;

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

e a method to follow the propagation of the photons emitted by such sources.
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Figure 1: Evolution of the Thomson scattering optical depth for difet simulations. Details can be found
in Ciardi, Stoehr & White (2003), Ciardi, Ferrara & White (200Giardi et al. (2006), Ciardi et al. in prep.
The yellow, green and red rectangles refer to the yr-1, 3 aniVBAP measurements, while the yr-7 is very
similar to yr-5 (see text).

While the second item is probably the most uncertain and parameters (estelfar type sources
their Initial Mass Function [IMF] or the escape fraction of ionizing photofag) are needed to
describe the properties of the sources, the third item is the most challenging@ihumerical point
of view. In fact, the full solution of the seven dimension radiative tran&@) equation (three spa-
tial coordinates, two angles, frequency and time) is still well beyond aupctational capabilities
and, although in some specific cases it is possible to reduce its dimensiowalite feionization
process no spatial symmetry can be invoked. Thus, an increasingheffobeen devoted to the de-
velopment of radiative transfer codes based on a variety of apmeactd approximations, which
have been tested and compared in lliev et al. (2006).

2. Simulations of cosmic reionization

Through the years our group has run several simulations of IGM reitaiz(Ciardi, Stoehr
& White 2003: Ciardi, Ferrara & White 2003; Ciardi et al. 20@B)using simulations of galaxy
formation run with the Gadget code (Springel, Yoshida & White 2001) to kettiee properties of
gas and galaxiegji) adopting different characteristics for the source properties (i.e.tagojor
the stellar sources a standard Salpeter IMF or a Larson IMF biasedd®weassive stars; varying
the value of the escape fraction of ionizing photons in the range 5-20ifg ggasar type sources);



Cosmic reionization and the LOFAR project Benedetta Ciardi

(iii) using the Monte Carlo radiative transfer code CRASH (Ciardi et al. 20@&elli, Ferrara &
Ciardi 2003; Maselli, Ciardi & Kanekar 2009; Pierleoni, Maselli & Cia&fl09) to follow the
propagation of ionizing photons. In some simulations we have also includechys&cpg of He
(Ciardi et al. in preparation). In this case we have adopted a rangeadfand medium size boxes
(between 2 and 40 Mpc comoving), the results of which are used to desige-grid model to run
simulations with the Millennium Simulation.

The reionization histories mentioned above produce a Thomson scattetingl a@pth in
the range 0.07-0.17, depending on the parameters/approximations atkgedelg.1). Thus, the
uncertainties in the theoretical modeling of the reionization process are gfdlémough to accom-
modate the value of, measured by the WMAP satellite (see Introduction). In order to put more
severe constraints on our theoretical models a different type of aligms is needed.

3. 21cm line diagnostic

The ideal observation to shed light on the reionization process is the datettiee 21cm line
from neutral hydrogen (see Furlanetto, Oh & Briggs 2006 for a rewiewhe topic). The ground
state of HI has a hyperfine structure and anytime a transition takes placeepetihe hyperfine
states a photon is emitted or absorbed with a wavelength of 21cm. Thusyatimses at different
frequencies would give information on the state of HI at different rétsiproviding 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 ackgrdund
radiation. Typically, the CMB is considered. What we expect to obsertkeeis the differential
brightness temperaturé]y,, between the CMB and a patch of HI with optical depth and spin
temperaturds (which regulates the population of the atomic levels). This is given by:

To— T T
5Ty ~ %THI O <1— CTW‘) , (3.1)
S

whereTgmp is the CMB temperature. From the above equation follows th&tig equal toTeus
0Ty is zero and no line can be observed, if instead it is larger (smaller)ithathe line is expected
to be observed in emission (absorption) against the CMB. Thus, the iallne spin temperature
is crucial for the observation of the linds can be written as a weighted mean betw&gps and
the kinetic temperature of the gag;

T._ Teme + (Ya +Ye) Tk
* 14+Ya+VYe

: (3.2)

wherey, andye is the efficiency in couplinds to Tx due to Lyor scattering and collisions (with
H atoms, electrons and protons) respectively (see Ciardi & Salvat@dafdr the values adopted
here). While az > 20y, is dominant, at lower redshift scattering with thedLphotons emitted by
the first stars is the most efficient process (Wouthuysen 1952; Fieltl Hiata 2006; Pritchard &
Furlanetto 2006). In addition, loy photons could be able to heat the IGM temperature above the
CMB temperature and render the 21cm line visible in emission.

The general picture that we expect is shown in Figure 2 for two difiggepulations of stars
producing Lyx photons, i.e. metal-free stars with a Salpeter IMF and Very Massive M&IS)
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Figure 2: Upper panel: Evolution of the spin temperature for a Salpeter (solié¢hand a VMS (dashed)
IMF, and in the absence of a bybackground (dotted)Tcyg andTy are plotted as upper and lower dotted-
dashed lines, respectivelyower panel: Evolution of the differential brightness temperaturends are the
same as in the upper panel.See Ciardi & Salvaterra (200 details.

with a mass 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 af dagkground (dotted).
Tems andTy are plotted as upper and lower dotted-dashed lines, respectively. lowepanel the
evolution of the corresponding differential brightness temperature isrshat very high redshift

Ts = Tk = Tems and thus no signal is expected. Once the evolutioficgfs and Ty decouples,
collisions in the gas are efficient in maintaining an equilibrium betw&eand T and thus the
line can be observed in absorption, butzat 20 collisions are not efficient anymore and a thermal
equilibrium with the CMB is quickly reached. This is the epoch when the firstces of radiation
turn on which, in addition to the ionizing photons that initiate the reionization ggamit also
Lya photons. If we assume that they are produced by a population of metadtfres with either

a Salpeter IMF or VMS we find that the 21cm line can actually be observedratbis redshift
range, initially in absorption against the CMB, and, once the IGM has beatett above the
CMB, in emission. For the case shown in the Figure, the redshift at whictahsition between
absorption and emission takes place-i45 (12) for a Salpeter IMF (VMS) (for details see Ciardi
& Salvaterra 2007).

In addition to Lya photons, other sources of heating can be present in the high redsihift u
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Figure 3. Four slices randomly selected along a direction in the bexpéotted that displays the contours
(three levels [0, 0.5, 1]) of the neutral fraction of CRASHd)y and BEARS (cyan) a= 6 in 256 (left
panel) and 6% (right panel) grid box of 1zh~1 Mpc comoving size. The underlying light gray contours
represent the dark matter overdensities. See Thomas @08R) for details.

verse, as e.g. x-ray photons from an early population of mini-quagssislg the output of SPH
simulations designed to follow the formation of massive black holes-g (Pelupessy, Di Matteo

& Ciardi 2007), we have self-consistently estimated the relative contribtdidreating from x-
rays produced by quasars andoLphotons emitted by stellar type sources. We find that, for all the
models considered, the x-ray heating is always dominant (Ciardi, Satv#&dbi Matteo 2009).
Nevertheless, also in this case a homogeneous background has fiseedswvhile a proper radia-
tive transfer of the various components should be followed to assessatiecentribution of UV,
x-rays and Lyr photons to the ionization and heating of the gas.

Once the value of; is known, from the distribution of HI provided by simulations of reioniza-
tion maps of differential brightness temperature can be derived andzaddly retrieve quantities
relevant to observations. Ideally tomography of the IGM will be feasibllewing to obtain maps
of 21cm emission/absorption at different redshift. In practice, this willb@oachieved during the
first few operational years of the present generation of radio tgdeso@uch as LOFAR or MWA)
and instead statistical signatures (e.g. the power spectrum of fluctuatidiffeential brightness
temperature) will be sought after.

4. LOFAR

Among others, the LOFAR telescope is already in a very advanced cotistrphase, with
39 stations already on the ground and 28 completed and integrated. Thepelés in its com-
missioning phase and data are flowing. Thus, ad hoc theoretical predistiould be available
to be compared with observations. To this aim, very large boxes (sewerdrdds of Mpc) are
needed. On these scales the use of fully consistent 3D RT calculatiottse(ases mentioned
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Figure 4: The ionization fronts of CRASH (red contours, top left) andARS (blue contours, top right)
are overplotted on the underlying density field shown intligiey. This slice is extracted from a 2560x at
redshift six. The corresponding figures below show the imadger being smoothed by the beam response
of the antenna. See Thomas et al. (2009) for details.

above) is prohibitively expensive and an alternative approach isede&uithin the LOFAR Epoch
of Reionization (EoR) Working Group a great effort in this direction is beirade. In particular, a
method has been developed based on a combination of numerical simulatiche & RT code
BEAR (Thomas & Zaroubi 2008). Before applying this method to prodeedistic, very large
scale reionization histories, its validity needs to be checked against a fdppfbach. We have
thus compared the performances of CRASH and BEAR on smaller boxesimey\of test cases
(Thomas et al. 2009). In Figure 3 random slices cut through the simulabxeskare shown for
different grid sizes at = 6. The lines are isocontours of neutral fraction. Although the details of
the reionization structure present some differences due to the inheresrical symmetry of the
1D approach, the overall agreement is remarkably good, of the ofdew@ercents in terms of
average neutral fraction.

What is more important though is that, once the simulations have been conwatvethe
noise and the beam response of the telescope, the images look almost idestian be seen
in Figure 4. This means that, for the purposes of modeling the reionizatieeggdor LOFAR
observations the approximated approach is sufficient.

The final aim is to produce a series of reionization histories associated i tme signal.
On top of these, the contribution from both extragalactic and Galactic fmueds will be added
to obtain mock observations as the example shown in Figure 5. The ultimate geaftanthe
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Figure 5: Pipeline showing the building of a mock observation at a manfrequency of 120 MHz: on
top of the cosmological signal, the extragalactic and Galéoreground contamination is added (Jelic et al.
2008).

detection of the cosmological signal will be to separate it from the foregraignal, which is
orders of magnitude higher. Thus, in addition to simulating mock reionizatiorrigstan ongoing
effort is being done to identify the best technique to extract the primanak{gng. Jelic et al.
2008; Harker et al. 2009a, 2009b).
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