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ABSTRACT
Simulations estimating the brightness temperature (�Tb) of the redshifted 21 cm from the
epoch of reionization (EoR) often assume that the spin temperature (Ts) is decoupled from the
background cosmic microwave background (CMB) temperature and is much larger than it, i.e.
Ts � TCMB. Although a valid assumption towards the later stages of the reionization process,
it does not necessarily hold at the earlier epochs. Violation of this assumption will lead to
�uctuations in �Tb that are driven neither by density �uctuations nor by H II regions. Therefore,
it is vital to calculate the spin temperature self-consistently by treating the Ly� and collisional
coupling of Ts to the kinetic temperature, Tk. In this paper we develop an extension to the
BEARS algorithm, originally developed to model reionization history, to include these coupling
effects. Here, we simulate the effect in ionization and heating for three models in which the
reionization is driven by stars, mini-QSOs or a mixture of both. We also perform a number of
statistical tests to quantify the imprint of the self-consistent inclusion of the spin-temperature
decoupling from the CMB. We �nd that the evolution of the spin temperature has an impact on
the measured signal especially at redshifts higher than 10 and such evolution should be taken
into account when one attempts to interpret the observational data.

Key words: radiative transfer � methods: observational � cosmology: theory � diffuse radia-
tion � radio lines: general.

1 INTRODUCTION

Physical processes that occur during reionization are numerous and
complex. Nevertheless, ionization of neutral gas (hydrogen and
helium) and heating of the inter-galactic medium (IGM) can be
considered the two primary in�uences of radiating objects during
reionization.

Currently, the most promising �direct� probe of reionization is
the redshifted 21-cm radiation emanating from neutral hydrogen
during the epoch of reionization (EoR), which are to be measured
using upcoming telescopes like LOFAR,1,2 MWA,3 PAPER4 and
21CMA.5 The intensity of the observed 21-cm radiation depends
on the ratio between the number density of electrons in the hy-
per�ne states in the ground state of a neutral hydrogen atom. This
ratio is normally expressed in terms of the so-called 21-cm spin

�E-mail: thomas@cita.utoronto.ca
1 http://www.lofar.org
2 http://www.astro.rug.nl/LofarEoR
3 http://www.mwatelescope.org/
4 http://astro.berkeley.edu/ dbacker/eor/
5 http://21cma.bao.ac.cn/

temperature, Ts. At the onset of the formation of the �rst reionizing
objects the spin temperature is equal to the cosmic microwave back-
ground (CMB) temperature since at these redshifts the ratio between
excited and ground hyper�ne state electrons is completely deter-
mined by the CMB. However, as the number of ionizing sources
increases, Ts starts departing from TCMB; slowly at the beginning,
then rapidly approaching values larger than TCMB. This evolution is
typically ignored in most previous studies of reionization which as-
sumes Ts � TCMB at all times (Abel, Bryan & Norman 2000, 2002;
Bromm, Coppi & Larson 2002; Yoshida et al. 2003; Mellema et al.
2006).

Recently, Baek et al. (2009) have relaxed this assumption on Ts at
the dawn of reionization and explored its impact on the brightness
temperature. They found a considerable deviation from assuming
Ts � TCMB at the beginning of reionization. Towards the end of
reionization though, this assumption holds ground. But, in order to
track the evolution of Ts accurately, like in Baek et al. (2009), it
is necessary to perform a detailed 3D Ly� radiative transfer (RT)
calculation. The Ly� photons undergo a large number (�105) of
scatterings even in a marginally neutral medium before it is suf�-
ciently off line-centre to �free stream�. The scattering angle after
each encounter is completely random and therefore the RT is often
done in a Monte Carlo sense (Tasitsiomi 2006; Baek et al. 2009;
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Laursen, Razoumov & Sommer-Larsen 2009; Pierleoni, Maselli &
Ciardi 2009) to capture this random nature of Ly� scatterings.

Unfortunately, these Monte Carlo RT schemes are computation-
ally very expensive, especially if we need to simulate large �elds
of view necessary to generate mock data sets for next generation
radio telescopes. In order to circumvent the need to perform such
computer-intensive calculations to obtain Ts, we develop an algo-
rithm along the lines of BEARS (Thomas et al. 2009) as an approx-
imation. In this paper we present an algorithm that follows the
decoupling of Ts from TCMB owing to Ly� photons, which cou-
ples the spin temperature to the colour/kinetic temperature via the
Wouthuysen�Field effect (Wouthuysen 1952). Collisional excita-
tion and heating caused by secondary electrons resulting from hard
X-ray radiation are also included. The dominant source of Ly�
�ux is the background created by the redshifting of photons in the
Lyman-band into Ly�. These photons are bluewards of Ly� and is
injected into Ly� at some distance away from the source.

The amount of intrinsic Ly�, ionizing and �heating� photons is a
function of the source spectral energy distribution (SED). Thus, the
evolution of the spin temperature critically depends on the source
of reionization. Different reionization sources manifest themselves
by in�uencing the IGM in markedly different ways. For example,
de�ciency of hard photons in the SEDs of ��rst stars� limit the ex-
tent to which they heat the IGM (Zaroubi & Silk 2005; Zaroubi
et al. 2007; Thomas & Zaroubi 2008), while mini-quasars (or mini-
QSOs, characterized by central black hole masses less than a mil-
lion solar), abundant in X-ray photons, cause considerable heating
(Madau, Meiksin & Rees 1997; Furlanetto & Loeb 2002; Furlanetto,
Zaldarriaga & Hernquist 2004; Ricotti & Ostriker 2004; Wyithe &
Loeb 2004; Nusser 2005; Zaroubi et al. 2007; Thomas & Zaroubi
2008). Ionization pro�les similarly have their characteristic source-
dependent behaviour.

Although the question on which sources did the bulk of the reion-
ization is up for debate, it is conceivable from observations of the
local Universe up to redshifts around 6.5 that sources of reioniza-
tion could have been a mixture of both stellar and quasar kinds
(their respective roles again are uncertain). Implementing RT that
includes both ionizing and hard X-ray photons has been dif�cult and
as a result most 3D RT schemes restrict themselves to ionization
due to stars (Ciardi et al. 2001; Gnedin & Abel 2001; Nakamoto,
Umemura & Susa 2001; Ritzerveld, Icke & Rijkhorst 2003;
Razoumov & Cardall 2005; Mellema et al. 2006; Rijkhorst
et al. 2006; Susa 2006; Whalen & Norman 2006; Mesinger &
Furlanetto 2007; Zahn et al. 2007; Pawlik & Schaye 2008). In Ricotti
& Ostriker (2004), a �semi� hybrid model of stars and mini-QSOs,
like the one hinted above, has been used albeit in sequential order in-
stead of a simultaneous implementation. That is, pre-ionization due
to mini-QSOs was invoked between 7 � z � 20, after which stars
reionize the Universe at redshift 7. We in this paper would like to
address the issue of simulating the propagation of both the UV and
hard X-ray photons, exactly in one dimension and as approximation
in three dimensions.

The focus of this paper is therefore to introduce the algorithm that
is used to implement IGM heating in BEARS along with the procedure
to estimate the spin temperature of the IGM. As an application of this
technique we explore the effects of heating due to mini-QSOs, stars
and, for the �rst time, a mixed �hybrid population�. Subsequently,
we provide quantitative and qualitative analysis of the differences
in the 21-cm EoR signal with and without the usual assumption of
Ts being always decoupled from TCMB.

The paper is organized as follows. Section 2 brie�y describes
the N-body and 1D RT codes used. In Section 3, we describe the

adaptation of BEARS to include Tk, followed by the calculation of the
Ts and �Tb within the simulation box. BEARS is then applied to three
different scenarios of reionization in Section 4, viz. (1) the primary
source being stars, (2) mini-QSOs and (3) a hybrid population of
stars and mini-QSOs. Subsequently, observational cubes of �Tb are
generated for each of these scenarios and its properties discussed. In
Section 5, we provide statistics on the simulated boxes and interpret
the �nding mainly from the point of view of the differences in
�Tb with and without the usual assumption that Ts is decoupled
from TCMB. We also compare our work to that of Santos et al.
(2008) in the same section. Conclusions and discussions of the
results are presented in Section 6, along with a mention of a few
topics that can be addressed using the data set simulated in this
paper.

2 SIMULATIONS

In this section we brie�y mention the dark-matter (DM)-only N-
body simulations employed and the 1D RT code developed by
Thomas & Zaroubi (2008) and provide an overview of the BEARS

algorithm designed in Thomas et al. (2009).

2.1 N-body: dark matter only

The DM only N-body simulations are the same as in Thomas et al.
(2009) and was performed by Joop Schaye and Andreas Pawlik
at the Leiden observatory. The N-body/TREEPM/SPH code GADGET

(Springel 2005) was used to perform a DM cosmological simulation
containing 5123 particles in a box of size 100 h�1 comoving Mpc
with each DM particle having a mass of 4.9 × 108 h�1 M�. Initial
conditions for the particle�s position and velocity were obtained
from glass-like initial conditions using CMBFAST (version 4.1; Seljak
& Zaldarriaga 1996) and the Zeldovich approximation was used to
linearly evolve the particles down to redshift z = 127. A �at �CDM
universe is assumed with the set of cosmological parameters �m =
0.238, �b = 0.0418, �� = 0.762, � 8 = 0.74, ns = 0.951 and h =
0.73 (Spergel et al. 2007). Snapshots were written out at 35 equally
spaced redshifts between z = 12 and z = 6. Haloes were identi�ed
using the Friends-of-Friends algorithm (Davis et al. 1985), with
linking length b = 0.2. The smallest mass haloes we can resolve
are a few times 1010 h�1 M�. The density �eld was smoothed on
the mesh with a Gaussian kernel with standard deviation � G = 2 ×
100/512 comoving Mpc h�1 (two grid cells).

2.2 1D radiative transfer code.

The implementation of the 1D radiative transfer code is modular
and hence straightforward to include different spectra correspond-
ing to different ionizing sources. Our 1D code can handle X-ray
photons, the secondary ionization and heating it causes, and as a
result perform well for both high (quasars/mini-QSOs) and low en-
ergy (stars) photons. Further details of the code can be found in
Thomas & Zaroubi (2008).

The parameter space simulated by the 1D RT scheme (Thomas &
Zaroubi 2008) include (1) different SEDs (stars or mini-QSOs with
different power-law indices), (2) duration of evolution (depending
on the life-time of the source), (3) redshifts at which these sources
turn on and (4) clumping factor or over-density around a given
source. Information on the ionization and temperature pro�les from
these simulations was catalogued to be used later as in Thomas
et al. (2009). Density pro�les around sources are assumed to be
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Spin-temperature evolution during the EoR 1379

homogeneous although the code could be initialized using any given
pro�le.

2.3 BEARS algorithm: overview

BEARS is a fast algorithm that simulates the underlying cosmolog-
ical 21-cm signal from the EoR. It is implemented by using the
N-body/SPH simulation in conjunction with a 1D RT code; both dis-
cussed in the previous sections. The basic steps of the algorithm
are as follows: �rst, a catalogue of 1D ionization pro�les of all
atomic hydrogen and helium species and the temperature pro�le
that surround the source is calculated for different types of ioniz-
ing sources with varying masses, luminosities at different redshifts.
Subsequently, photon rates emanating from DM haloes, identi�ed
in the N-body simulation, are calculated semi-analytically. Finally,
given the spectrum, luminosity and the density around the source, a
spherical ionization bubble is embedded around the source, whose
radial pro�le is selected from the catalogue as generated above.
In case of overlap between ionization bubbles, the excess ionized
atoms in the overlap area is redistributed at the edge of the bub-
bles. For more details see Thomas et al. (2009). The outputs are
data cubes (2D slices along the frequency/redshift direction) of
density (�), radial velocity (vr) and hydrogen and helium fractions
(xH I,H II,He I,He II and He III). Each data cube consists of a large number
of slices each representing a certain redshift between 6 and 11.5.
Because these slices are produced to simulate a mock data set for
radio-interferometric experiments, they are uniformly spaced in fre-
quency (therefore, not uniform in redshift). Thus, the frequency res-
olution of the instrument dictates the scales over which structures
in the Universe are averaged/smoothed along the redshift direction.
The relation between frequency and redshift space z is given by
z = �21

� � 1, where �21 = 1420 MHz is the rest frequency that
corresponds to the 21-cm line.

3 INCLUDING IGM HEATING IN BEARS

In Thomas et al. (2009), the BEARS algorithm was introduced and a
special-purpose 3D RT scheme was used to simulate cosmological
EoR signals. In that paper, we detailed the philosophy behind the
code and its implementation to incorporate ionization due to a va-
riety of sources. In this section, we extend the features of BEARS to
include heating (on which the brightness temperature is sensitively
dependent) due to hard photons within the same framework.

The algorithm to implement heating begins in a manner similar
to that for ionization. The Tk-pro�le from the 1D RT code is used
to embed a spherically symmetric �Tk bubble� at the locations of
the centre-of-mass of DM haloes. The luminosity of the source is a
function of the halo mass. The problem embedding a temperature
pro�le in the simulation box is that the radius of the bubble is large
(>5 Mpc) and results in extensive overlap, even at high redshifts;
a problem encountered for ionization bubbles only towards the end
of reionization. In a quasar-dominated part of the Universe this
is particularly severe because of its large sphere-of-in�uence in
heating the IGM.

3.1 Treating overlaps: energy conservation

Overlap in the spheres of ionized regions was treated by redistribut-
ing the excess ionizing photons in the overlapped region uniformly
around the overlapping spheres (Thomas et al. 2009). Treating over-
lapped zones directly in terms of temperatures makes it dif�cult to

come up with any �conserved quantity�. To elaborate, consider a
pre-ionized zone in the simulation box close to the radiating source.
Although at close proximity to the source, this region is not heated
ef�ciently because of the absence of neutral hydrogen to capture
the photons. On the other hand, the same source can dump more
energy into an initially neutral zone that may be far away from it.
Thus, embedding the Tk-pro�le directly from the catalogue (which
assumes uniform IGM density) is not appropriate.

Here, we adopt a different approach where we estimate the total
energy deposited in every region of the simulation box and invoke
the conservation of energy deposited by the sources in the over-
lapped regions. We integrate the contribution to the energy budget,
at a given location, from all sources whose sphere-of-in�uence ex-
tents to that location. This total energy is then redistributed equally
to all the contributing sources, i.e. the energy output of each source
is modi�ed to account for the overlapping.

To illustrate, consider N sources that overlap at a particular
location r and the total energy estimated at that location to be
Etot =

�N
i=1 Ei , where Ei is the energy deposited by the i th source

at location r . The fraction of �excess� energy attributed to each of the
N sources is �E = Etot/N . This energy �E is then added to the total
energy from the source to estimate a new normalization constant
for the SED of the source. For example, in case of a power-law-type
source, the SED includes a normalization term that is determined
by the total energy of the source, Etotal. However, in the overlap
case the total energy of the source is replaced by Etotal + �E. Now
a �new� bubble of kinetic temperature is embedded whose pro�le
depends on a source whose output energy has gotten a �E boost. In
this manner Tk(r) is estimated at every location in the simulation
box. From this point on we need to estimate the coef�cients that
couple Tk to Ts that will eventually lead to the estimation of �Tb.
It is worthwhile also to note that the results are robust to variation
in the exact algorithm used to treat the overlapped region. For
example, if we choose to sum the energies deposited directly in a
given region or choose max(E1, E2, . . . , En), where E1, . . . , En are
energies deposited by sources 1, . . . , n, respectively, the �nal results
are very similar.

This is obviously an approximation which assumes that the ef-
�ciency of the photons in heating the IGM does not depend on
their frequency. For the case of power-law sources where most of
the energy comes from hard photons this is probably a reasonable
approximation. However, in the case of blackbody sources this is
not a very good assumption because evidently the heating is done
by a very small fraction of photons. But in these cases the overlap
problem is not as severe as for the power-law sources since the
extent of the heating is much more limited. In summary, despite
the approximate nature of this approach, it provides an ef�cient and
reasonable resolution for the issue of the overlapping of tempera-
ture bubbles. We note that self-consistent treatment of this problem
requires taking into account the modi�cation of each of sources�
SED in a different manner depending on the amplitude of its SED.
Obviously, this is computationally very expensive.

3.2 Calculating �T b in the volume

Spin temperature can be thought of as a short-hand notation to
represent the level population of the hyper�ne states of the ground
level of a hydrogen atom. Depending on the physical processes and
background radiation that dominate a medium, Ts is either coupled
to the background CMB temperature or to the kinetic temperature
of the hydrogen gas in the medium. Formally Field (1958) derived
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Ts as a weighted sum of Tk and TCMB, as

T �1
s =

T �1
CMB(z) + y�T �1

k + ycollT �1
k

1 + y� + ycoll
, (1)

where y� and ycoll are parameters that re�ect the coupling of Ts to
Tk via Ly� excitation and collisions, respectively. The ef�ciency of
Ly� coupling dominates over that of collisions, especially further
away from the source (Chuzhoy et al. 2006; Thomas & Zaroubi
2008). In our treatment of calculating Ts, we estimate both y� and
ycoll.

The coef�cient ycoll is a function of Tk and the ionized fraction
of the medium, xH II. This information on ionization and heating
is available from the prescription outlined in the previous section.
While simulating the 1D pro�les we simultaneously calculate y� as

y� =
16�2T�e2f12Jo(|r|)

27A10Temec
. (2)

Here, Jo(|r|) is the Ly� �ux density at distance r from the
source. For mini-QSOs with high energy photons, Ly� coupling
is mainly caused by collisional excitation due to secondary elec-
trons (Chuzhoy et al. 2006). This process is accounted for by the
following integral:

Jo(|r|) =
c

4�H (z)��
nH I(r)

� 2keV

50eV
	�(E)� (E)N (E; r, t)dE, (3)

where N(E;r;t) is the number of photons with energy �E� at radius
�r� and time �t� per unit area (Zaroubi & Silk 2005). This number
is obtained directly from the 1D RT by taking into account the
absorption due to the optical depth along the line-of-sight to the
source at a distance �r�. The 1D pro�les generated are catalogued
also as a function of time. Therefore the pro�les that are embedded
within the simulation are chosen to obey causality.6 The ionization
cross-section of neutral hydrogen in the ground state is given by
� (E), f 12 = 0.416 is the oscillator strength of the Ly� transition,
e and me are the electron�s charge and mass, respectively, 	� is
the fraction of the absorbed photon energy that goes into excitation
(Shull & van Steenberg 1985; Dijkstra, Haiman & Loeb 2004). Note
here that the �tting formula is a function of both ionization fraction
and energy as given in the appendix of Dijkstra et al. (2004).

For the case of stars, the dominant source of Ly� �ux results
from the redshifting of the source spectrum bluewards of Ly� into
the resonant line at different distances from the source. Frequency
��� at the redshift of emission (or the source) �z� is redshifted into
�Ly� at redshift z(|r|) such that

� = �Ly�
1 + z

1 + z(|r|)
. (4)

Thus, at every radius r away from the source the Ly� �ux Jo(|r|) �
N(E�; r;t)/r2, where E� = 10.2 1+z

1+z(|r|) [eV].
Now, instead of embedding a sphere of the Ts, as in the case of Tk,

we embed instead a bubble of Ly� �ux, Jo(|r|), as estimated from
equation (3). Since Jo(|r|) is basically the number of Ly� photons
at a given location, the overlap of two �Jo bubbles� implies that the
photons and hence the Jo have to be added, i.e. at a given spatial
(pixel) location, x, y, z and time t, the total Ly� �ux is given by

J tot
o (x, y, z, t) =

N�

i=0

J i
o (x, y, z, t), (5)

6 Of course, the catalogue has been generated with a particular time resolu-
tion and can be made �ner for more accurate results.

where Ji
o (x, y, z, t) is the Ly� �ux contributed by i th source at

the pixel location in the box, x, y, z and time t. Equipped with the
quantities Tk(r), and Jo(r), we can calculate y� as in equation (2),
and subsequently the spin temperature through equation (1). Now
all terms required for the calculation of �Tb, as in equation (6), are
obtained.

�Tb(r) = (20 mK) (1 + �(r))
�

xH I(r)
h

� �
1 �

TCMB

Ts(r)

�

×
�

H (z)/1 + z
dv||/dr||

� �
�bh2

0.0223

� ��
1 + z

10

� �
0.24
�m

��1/2

.

(6)

4 EXAMPLE APPLICATIONS OF BEARS

In this section, we apply BEARS with its extended feature of including
heating of the IGM to three different scenarios of reionization. The
models described in this section are not �template� reionization
scenarios by any measure nor is any particular model favoured w.r.t
the other. In fact, these models may be far from reality and only
serve as examples of the potential of BEARS to provide a reasonable
estimate of the 21-cm brightness temperature for widely different
scenarios of reionization.

4.1 Heating due to stars

The �rst scenario explored using BEARS is the case in which the
sources of reionization are only stars. In this section, we describe the
model used to describe the stellar component and the prescription
adopted to embed these stars into haloes of DM identi�ed in an
N-body simulation.

4.1.1 Modelling stellar radiation in BEARS

Most stars, to the �rst order, behave as blackbodies at a given
temperature, although the detailed features in the SED depend on
more complex physical processes, age, metallicity and mass of the
star. This blackbody nature imprints characteristic signatures on
the IGM heating and ionization patterns (Thomas & Zaroubi 2008).
Schaerer (2002) showed that the temperature of the star only weakly
depends on its mass. The blackbody temperature of the stars in our
simulation was thus �xed at 5 × 104 K to perform the RT. We sample
the parameter space of redshifts (12 to 6), density pro�les around
the source7 and masses (10 to 1000 M�). The total luminosity is
normalized depending on the mass of the star according to table 3
in Schaerer (2002).

For blackbody with a temperature around 105 K, similar to our
adopted value, the spectrum peaks between 	20 to 	24 eV (Wien�s
displacement law). Thus, from the form of the blackbody spectrum
we can a priori expect, in the case of stars, that the ionization induced
by these objects will be high, but the heating they cause will not
be substantial given the exponential cut-off of the radiation towards
higher frequencies.

Now, following the prescription in Thomas et al. (2009) we asso-
ciate stellar spectra with DM haloes using the following procedure.

7 We can incorporate any given density pro�le like the homogeneous,
isothermal or NFW pro�les. For this paper, however, we ran all the simula-
tions using a homogeneous background. Overdensities around sources can
be corrected for by using the prescription in Thomas et al. (2009).
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The global star formation rate density �
�(z) as a function of redshift
was calculated using the empirical �t

�
�(z) = �
m
� exp [�(z � zm)]

� � � + � exp [�(z � zm)]
(M� yr�1 Mpc�3), (7)

where � = 3/5, � = 14/15, zm = 5.4 marks a break redshift,
and �
m = 0.15 (M� yr�1Mpc�3) �xes the overall normalization
(Springel & Hernquist 2003). Now, if �t is the time-interval between
two outputs in years, the total mass density of stars formed is


�(z) 	 �
�(z)�t [M� Mpc�3]. (8)

Note that this approximation is valid only if the typical lifetime of
the star is much smaller than �t, which indeed is the case in our
model because the stellar mass we input (100 M�) has a lifetime
of about a few Myr (Schaerer 2002), compared to a typical time
difference of few tens of Myr between simulation snapshots.

Therefore, the total mass in stars within the simulation box is
M�(box) 	 L3

box
� (M�). This mass in stars is then distributed
among the haloes weighted by their mass,

m�(halo) =
mhalo

Mhalo(tot)
M�(box), (9)

where m�(halo) is the mass in stars in the DM �halo�, mhalo the
mass of the halo and Mhalo(tot) the total mass in haloes within the
simulation box.

We then assume that all of the mass in stars is distributed in stars of
100 M�, which implies that the number of stars in the halo is N100 =
10�2 ×m�(halo). The luminosity of a 100 M� star is obtained from
�g. 1 of Schaerer (2002), assuming zero metallicity. The luminosity
of 100 M� star thus derived is in the range of 106� 107 L� and this
value is multiplied by N100 to get the total luminosity emanating
from the �halo� and the RT is done by normalizing the blackbody
spectrum to this value. The escape fractions of ionizing photons
from early galaxies are assumed to be 10 per cent.

4.1.2 Results: stellar sources

Results of the evolution of the Tk, Ts and �Tb of the IGM, when the
sources of reionization comprise only of stars is shown in Figs 1, 2
and 3, respectively.

Fig. 1 shows the kinetic temperature for stellar sources at redshifts
10, 8, 7 and 6 at which their ionized fractions are 0.12, 0.5, 0.83
and 0.98, respectively. The blackbody-type stellar spectra do not
have suf�cient high energy photons to heat the IGM substantially
far away from the source. Thus, we see compact regions (bubbles)
of high temperature in the immediate vicinity of the source. In the
inner parts, where the ionized fraction is high (xH II > 0.95), the
temperatures are of the order of 	105 K and drops sharply in the
transition zone to neutral IGM. The ionized region is restricted to
about 100 kpc in physical coordinates around a halo (Thomas &
Zaroubi 2008).

Fig. 2 shows Ts at four different redshifts. Collisional coupling
(ycoll) is important close to the radiating source (<200 kpc). The
primary source of coupling between Ts and Tk is the redshifting
of photons bluewards of the Ly� line into the Ly� frequency. It
has to be emphasized here that the Ly� photons are produced only
due to the source and secondary processes. Thus we see that stellar
sources are ef�cient in building up a signi�cant background of Jo far
away from the source which is suf�cient to couple Ts to Tk during
reionization (Ciardi & Madau 2003). As an example, in Fig. 12 we
show the reionization history (�Tb) assuming a high background Jo,
in other words, assuming perfect Ts�Tk coupling.

Figure 1. Kinetic temperature for stellar sources. Slices of Tk correspond-
ing to redshifts 10, 8, 7 and 6 are plotted (panels left to right and top to
bottom, respectively). Temperature are indicated in log T [K] on the colour
bar. The extent of heating, both in amplitude (maximum around 	105 K
towards the centre) and in spatial extent (<100 kpc), is extremely small.
Basically, only the central part (ionized region) is at a high temperature and
falls sharply during the transition into the neutral IGM.

Figure 2. Spin temperature for stellar sources. Slices correspond to that in
Fig. 1. Collisional coupling is ef�cient to couple the Tk to Ts at the centre
but the �gures also indicate that there is suf�cient Jo to couple Tk to Ts
well beyond the ionized region, where Tk < TCMB. The colour bar indicates
temperature on a log T [K] scale.

In Fig. 3, �Tb corresponding to the same redshifts as in the pre-
vious �gures is shown. In this particular model �Tb values are not
very high (|�Tb| < 10 mK). At early epochs (top-left) at z 	 10,
there are only a few sources and the heating of the IGM or the
secondary Jo is not high enough to cause substantial differential
brightness temperatures. At later times, the ionized bubbles over-
lap signi�cantly driving the brightness temperature to zero. Thus,
there is only a small portion of the Universe (in volume) that has
suf�cient Ly� coupling and neutral hydrogen density to cause large
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