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One of the most startling findings made in the last few years is
the discovery of super-massive black holes at redshifts.7 with
black hole masses of the the orderl6f M, (Fanet al. 2003 and
2006). The origin and seeds of these black holes remain taiter

Currently, there are two main scenarios for creating suct+ ma
sive black holes. One is as the endproduct of the first mesal fr
stars (Population 11l stars) that have formed through mdbachy-
drogen cooling (Abel, Bryan, Norman 2000, 2002, Bromm, Gopp
& Larson 2002, Yoshidat al. 2003). Given the low cooling rate
provided by molecular hydrogen, the collapsing initialzlds ex-
pected not to be able to fragment into small masses and tlods pr
duce very massive stars (for reviews, see Bromm & Larson 2004
Ciardi and Ferrara 2005). These stars are expected to bain th
fuel very quickly and to produce black holes with masses & th
range30 — 1000M (O’Shea and Norman 2006), with the excep-
tion of the mass range a0 — 260M ¢ where the pair-instability

supernovae leave no black hole remnants (Bond, Arnett & Carr

1984; Heger & Woosley 2002; Rakavy, Shaviv & Zinamon 1967).
Such objects grew their masses very efficiently by accretjpio
10°Ms by z ~ 6 (Volonteri & Rees 2005, Rhook & Haehnelt
2006).

used to calculate the X-ray imgabf the IGM for a range

of black hole masses. This process is efficient enough tougdedhe spin temperature of
the intergalactic medium from the cosmic microwave backgth(CMB) temperature and
produce a differential brightness temperature of the oader 5 — 20 K out to distances
as large as a few co-moving Mpc, depending on the redshéftkbthole mass and lifetime.
We explore the influence of two types of black holes, thosé aitd without ionising UV
radiation. The results of the simple analytical model arajgared to those of a full spherically
symmetric radiative transfer code. Two simple scenariegpaoposed for the formation and
evolution of black hole mass density in the Universe. Thédossiders an intermediate mass
black hole that form as an end-product of Population llistarhereas the second considers
super-massive black holes that form directly through tHepse of massive halos with low
spin parameter. These scenarios are shown not to violatefang observational constraints,
yet produce enough X-ray photons to decouple the spin-teatyre from that of the CMB.
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CG 1 INTRODUCTION

Shapiro 2004 for a recent review). Under such conditioramat
cooling becomes efficient and black holes with masses0° M,
can be formed (Bromm & Loeb 2003). Fragmentation of theahiti
gas into smaller mass objects due to efficient cooling canrée p
vented by trapping the Lyman-photons within the collapsing gas
(Spaans & Silk 2006).

Notwithstanding the origin of these massive black holesirth
impact on the intergalactic medium is expected to be draniati
at least two ways. Firstly, these objects produce very sgean-
ising radiation with power law behaviour that creates aedéht
ionization pattern around them from that associated wignrtfal
(i.e., stellar) sources. The ionization aspect of the miasgr ra-
diation has been explored by several authors (Madau, Mei&se
Rees 1997, Ricotti & Ostriker 2004a, 2004b, Madsual. 2004,
Zaroubi & Silk 1005). Recently, however, it has been argugid (
jkstra, Haiman & Loeb 2004) that miniquasars can not reeitie
Universe as they will produce far more soft X-ray backrouadi+
ation than currently observed (Moretti et al. 2003; Sottaa3).

Secondly, due to their x-ray radiation, even the interntedia
mass black holes (IMBH) are very efficient in heating up tiseir
roundings. Such heating facilitates observation of thehitbd 21
cm radiation in either emission or absorption by the netiyako-
gen in the high-redshift IGM. The observation of this raidiatis

The second avenue for producing even more massive black controlled by the 21 cm spin temperatuf@,,;,,, defined through

holes is through the collapse of very low angular momentus ga
in rare dark-matter halos with virial temperatures abt¥K (see
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the equatiorn: /no = 3exp(—T%/Tspin). Hereny andng are the
number densities of electrons in the triplet and singldestaf the
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hyperfine levels, and’. = 0.00681 K is the temperature corre-
sponding to the 21 cm wavelength. For the 21 cm radiation to be
observed relative to the CMB background, it has to attairffardi
ent temperature and therefore must be decoupled from the CMB
(Wouthuysen 1952; Field 1958, 1959; Hogan & Rees 1979). The
decoupling is achieved through either Lymarpumping or col-
lisional excitation. For the objects we are concerned witthis
paper,.e.,miniquasars, the latter is a much more important process
(see also Nusser 2005). In general, throughout this papewil
ignore the influence of Lyman-photons or’s;,,. For recent pa-
pers that discuss X-ray heating, see Chen & Mirlada-Esc2@&6)
and Pritchard & Furlanetto (2006).

Collisional decoupling of s, from T g is caused by very
energetic electrons released by the effect of the x-rayquasar

radiation on the IGM. Shull & van Steenberg (1985) have esti- %

mated that more than a tenth of the energy of the incident pho-
tons is absorbed by the surrounding medium as heating (tms f
tion increases rapidly with the ionized fraction). The &®se in the
temperature is observable at radio frequencies in termiseoflif-
ferential brightness temperatur&l;, which measures the 21 cm
intensity relative to the CMB.

Recently, Kuhlen & Madau (2005) and Kuhlen, Madau &
Montgomery (2006) have performed a detailed numericalystiid
the influence of 150/5 IMBH on its surroundings and calculated
the gas, spin and brightness temperatures. They have shawn t
heating by 150/, IMBH at z = 17.5 can enhance the 21 cm
emission from the warm neutral IGM. The filaments enhance the
signal even further and may make the IGM visible in futureéoad
experiments (e.g., the LOFAR-Epoch of Reionization kegsce
project).

In this paper, we adopt a complementary theoretical approac
to the numerical one adopted by Kuhlen & Madau (2005). This al
lows us to explore the influence of power law radiation fietdsrf
arange of black hole masses that are presumed to residecatrthe
tres of primordial miniquasars. We test two main classes-afyx
emitting miniquasars, those with UV ionizing radiation ahdse
without. We show that in both cases these miniquasars migit p
an important role in heating the IGM without necessarilyizory
it comletely. We show that our models do not violate the sefai(
background constraints (Dijkstra, Haiman & Loeb 2004).

The paper is organized as follows: Sectldn 2 describes the
theoretical methods used here and derives the ionizatidrkan
netic temperature profiles around miniquasars without Uvizio
ing radiation. Sectiofl3 calculates the spin and brighttesper-
ature around the same quasars. In sedflon 4 we show the-ioniza
tion and heating profiles around quasars with UV ionizingaad
tion. Sectiob presents two simple scenarios for the fdomaif
(mini)quasars as a function of redshift. This is done usihegex-
tended Press-Schechter algorithm to predict the numbesitgent
forming black holes either with Hcooling or with atomic cooling.
We also discuss the implications of these scenarios for thesm
density of quasars at redshift 6, the soft X-ray backgro8XRB)
in the energy rangé.5 — 2 keV, the number of ionizing photons
per baryon and, finally, the optical depth for Thomson scatjeof
CMB photons. The paper concludes with a summary secsif. (

1 For more details on the LOFAR radio telescope|see http://otay.org

2 HEATING AND KINETIC TEMPERATURE

To simplify the calculation, we consider miniquasars witwer-

law flux spectra and power-law indices efl. We also assume,

at this stage, that the ionizing UV photons produced by tha-mi
guasars are absorbed by the immediate black hole envirdnmen
Therefore a lower cutoff of the photon energies is assunsadety,

F(E)=AE"s! 1)

where A is normalized such that the miniquasar luminosity is a
tenth of the Eddington luminosity. Miniquasars with UV iaimg
photons are considered in a later stage in this paper.

This spectrum translates to an “effective” number of phston
per unit time per unit area at distancéom the source,

{200 eV < E < 100 keV}.

) — 7T(E;T)L -1, —2_ -1
(Bsr)=ce @) X(1+¢(E,z)) E”"cm™ “s™ 7, (2)
with
T(E;r):/ ngxaro(E)dr. (©)]
0
Here z g1 is the hydrogen neutral fractiomy ~ 1.9 x

1077 em™3(1 + 2)® (Spergekt al. 2006) is the mean number den-
sity of hydrogen at a given redshift, and; (E) = oo (Eo/E)*
is the bound-free absorption cross-section for hydrogeéh wi =
6 x 1078 cm? andEy = 13.6 ¢V. The functiong(E, z..) is the
fraction of the initial photon energy that is used for se@mydon-
izations by the ejected electrons and s the fraction of ionized
hydrogen (Shull & van Steenberg 1985; Dijkstra, Haiman & h.oe
2004). The second equation is obtained assuming a homageneo
density for the IGM.

The cross-section quoted earlier does not take into account
the presence of helium. In order to include the effect ofums|iwe
follow Silk et al. (1972) who modified the cross section to become

nH EO)S' @

E
A proper treatment of the effect of helium is accounted fodbfin-
ing o1 to be a step function at the two helium ionisation energies
corresponding to He | and He Il. This however includes lepgti-
culations and complicates the treatment, and we therefuese
o1 to be a smooth function o, an approximation that will over-
estimater (E) for low energy photons. For the kinds of spectra and
energies we consider here, this is a reasonable assumption.

o(B) = o (E) + e

OHe :Ul(

2.1 lonization

To obtain the optical depth at a given distancefrom the mini-

guasar, we calculate the neutral fraction around the masigu
for a given spectrum and energy range by solving the iorinati
recombination equilibrium equation (Zaroubi & Silk 2005):

). ©)

Here'(E;r) is the ionisation rate per hydrogen atom for a given
photon energy at distanedrom the source. Since we are interested
in the detailed structure of the ionisation frohtis calculated sep-
arately for each value of using the expression,

dz
5,

(2) 2 OHe MHe

Qg

(1 — l’Hj)2 = F(E;”I‘) NHTHI (1 +
OH MH

oo

L(E;r) = /
Eo
(2)

In the above,aj;; is the recombination cross-section to the
second excited atomic level and has the values2df x

o(E)N(E;r) (6)

(© 0000 RAS, MNRASD00, 000—-000
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Figure 1. The neutral hydrogen fraction as a function of distance fange

of black hole masses for z=17.5 (left) and z=10 (right) foniaquiasars
without ionising UV radiation, namely, with radiation thegans the energy
range of200eV < E < 10%eV

107137, %%5ecm®s ™!, with T4 being the gas temperature in units
of 10* K. For this calculation we assume that= 10* K. This is

Tur[K]

Tl K]
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of course not very accurate, although it gives a lower limittloe
recombination cross-sectioag)l (in neutral regions atomic cool-
ing prevents the gas from having a higher temperature) eSime
region we are going to explore is mostly neutral, an accleste
mation of the recombination cross-section is not necessary
Figurell shows the solution of equatldn 5 for miniquasark wit
masses ranging from0Ms up t02.5 x 10* M. We assume that
the miniquasars emit at a tenth of the Eddington luminositgt a
that their emitted radiation is confined 290 < E < 10%eV.
The lack of ionising UV photons results in a very small ionize-
gion around the miniquasar centres (x-ray photons are mgtefe
ficient in ionization) with an extended transitional regiogtween
the ionised and the neutral IGM (Zaroubi & Silk 2005). We also
assume that the density of the IGM around the miniquasateis t
mean density in the Universe (this could be easily replageanly
spherical density profile). Due to the increase of the massige
at higher redshifts, the ionising photons are absorbeckchkosthe
quasar. The neutral fraction profile obtained for each masilised
in the following sections to calculate the kinetic, spin dmijht-
ness temperatures of the IGM surrounding the miniquasars.

2.2 Heating

The heating rate per unit volume per unit time that is produce

by the photons absorbed by the IGM for a given photon energy at

distancer from the source i¢{(r). H is calculated separately for
eachr using the expression,

oo

H(r) :anmHz/ o(E)N(E;r)dE (7)

Eq

where f is the fraction of the absorbed photon energy that goes
into heating through collisional excitations of the sumding ma-
terial (Shull & van Steenberg 1985). The functignis fitted in
the Shull and van Steenberg (1985) paper with the followirmg s
ple fitting formula:f = C [1 — (1 — 2*)°], whereC' = 0.9771,

a = 0.2663, b = 1.3163 andz = 1 — z g is the ionized fraction.
This fitting function is valid in the limit of high photon ergies,

an appropriate assumption for the case at hand. We only ynodif
the fitting formula by imposing a lower limit of1% for the frac-
tion of energy that goes into heating as the proposed fittimg f

(© 0000 RAS, MNRASD00, 000-000
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Figure 2. The kinetic temperature of the gas for a range of black hole
masses. The redshift and quasar lifetimtig @re specified on each panel.

mula does not work well at ionized hydrogen fractions snnalian
10~*. This equation is similar to that obtained by Madau, Meiksin
& Rees (1997).

In order to determine the temperature of the IGM due to this
heating, we adopt the following equation,

3 nHk‘kam (7”)
2
Here, Tkin is the gas temperature due to heating by collisional
processesk, is the Boltzmann constant, is the mean molecu-
lar weight and, is the miniquasar lifetime. This equation assumes
that the heating rate due to the absorption of x-ray photomiagl
the miniquasar lifetime is constant. Given the miniquagatitne
relative to the age of the Universe at the redshifts we asrasted

in, cooling due to the expansion of the Universe can be saiely
glected. We impose 40K cutoff to the gas kinetic temperature
due to atomic cooling.

Figure[2 shows the kinetic temperature as a function of sadiu
for the same black hole masses considered in figure 1. Thimbeat
of the IGM is clearly very extended and ranges from about atqua
of a comoving Mpc for a black hole with0 Mg up to more thard
comoving Mpc for black holes with masses 10* M. Since the
mass density in the Universe increases towards highe(1+2)>,
the heating is more effective at higher redshifts. The figals®
shows that, as expected, the heating is larger for a quaslrawi
longer lifetime.

=H(r) X tq. (8)

2.3 Comparison with a spherically symmetric full radiative
transfer code

In order to test our analytical approach we compare ourtesith
those obtained by running a non-equilibrium sphericallpsetric
radiative transfer code that is applied to the same problzstails
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Figure 3. This figure shows a comparison between the model adopted in
this study and the results from a spherically symmetricatad transfer
code (Thomas & Zaroubi 2006) applied to two of the IMBH mas4€9

& 10000 M, with the same radiation power spectrum. The analytical cal-
culation is represented by the solid line and that obtaineah the radiative
transfer code is represented by the dashed line.

of the code are described by Thomas & Zaroubi (2006) but here w
give a brief description. The radiative transfer code esslnon-
equilibrium equations foHI, HII, HeI, HeII, HeIll, e and

the electron temperatufE.. The equations take into account col-
lisional and photo-ionization, recombination, collisibexcitation
cooling, recombination cooling, free-free cooling, Hubbboling,
Compton heating and Compton cooling. The comparison betwee
the analytical and the numerical results is performed foages.
The 8 cases constitute all combinations of two black holesems
(100 and 10000), two redshifts (10 and 17.5) and two miniguas
lifetimes (3 and 20 Mega-years). The comparison is showrgin fi
ure[3 where the kinetic temperature of the gas obtained ftamn t
simple analytical calculation is represented by the sadfid hnd
that obtained from the radiative transfer code is represtby the
dashed line. Except at the centre where the neutral fraatiopted
profile differs in the two cases, the agreement between theafw
proaches is very good. Given the many processes includdtkin t
radiative transfer code, this is satisfactory agreement.

Another comparison one can make is with the gas temper-
atures obtained by Kuhlen & Madau (2005) shown in the upper
right panel of figure 7 in their paper. Visual inspection @ thsults
of our approach when applied to a 13@; IMBH with the same
spectrum shows good agreement. Both of these compariseas gi
us confidence in the validity of the simplistic theoreticapeoach
adopted in this paper.

3 21-CM SPIN AND BRIGHTNESS TEMPERATURES
3.1 The Spin Temperature

In his seminal paper, Field (1958; see also Kuhlen, Madau &tMo
gomery 2006) used the quasistatic approximation to caleule
spin temperature] i, as a weighted average of the CMB tem-
perature, the gas kinetic temperature and the “light” tenatpee
related to the existence of ambient Lymarmphotons (Wouthuysen
1952; Field 1958). If one ignores the Lymaneoupling, normally
induced by stellar sources of radiation, the spin tempegasigiven
by:

Tv +TomB + YTkin

Tspin = 1 T Y 5 (9)
whereTe 5 is the CMB temperature angis the coupling term:
T,

Here A;p = 2.85 x 107% 5= (Wild 1952) is the Einstein
spontaneous emission rate coefficie@ty, C. and C, are the
de-excitation rates due to neutral hydrogen, electrons @oe
tons, respectively. These rates have been calculated byadau-
thors (Field 1958; Smith 1966; Allison & Dalgarno 1969; Zige
man 2005). In this paper we use the fitting formulae used in
Kuhlen, Madau & Montgomery (2006) which we repeat here for
completeness, the rate due to neutral hydrogén = 3.1 x

10 M ng T35 exp(—32/Thin)[s'); the rate due to electrons
is Cc. = mnevye where log(ve/1 cm? sfl) = —0.9607 +

0.5 log Trin x exp (—(log Tkin)*"/1800); and the rate due to
protons isCy, = 3.2 n, k. Hereny, n. andn, are the hydrogen,
electron and proton number densities in the unitxaf3, respec-
tively and Ty, is measured in K. Figuild 4 shows the spin temper-
ature as a function of the kinetic temperature for severaiegof
the neutral hydrogen fraction.

There are two main features that are clear in this figuretliirs
the coupling between the spin and kinetic temperaturesasger
for smaller neutral hydrogen fraction. Secondly, the retabe-
tween the two is not neccesarily monotonic, especiallyatieu-
tral fraction values where there is a peak at adbut, ~ 10* K
and a minimum af;,, ~ 10° K. Remember that this calculation
ignores coupling due to Lyman-pumping.

Figure[® shows the spin temperature of the gas for a range of
black hole masses. The redshift and quasar lifetitpedre spec-
ified on each panel. As expected, the centre of the miniquasar
the hottest region. As the distance from the miniquasaeaszs,
the temperature drops to tHe:a/ s level. The distance at which
the temperature reaches tfie sz asymptotic value depends on
the black hole mass. For the more massive black holes, this di
tance can exceed 3 comoving Mpc. Notice the difference bstwe
the spin temperatures in the lower two panels. The spin teampe
ture in the lower left hand panel is larger than that in thétrliand
panel, which at first sight seems surprising. This can beagxgd
by noticing that the maximum kinetic temperature of the hefihd
panels is of the order af0* K and of the right hand panel is of
the order ofl0° K (see figurdR). This is exactly where the non-
monotonic relation betwe€h;, andTs ;. is important (figurél).

3.2 TheBrightness Temperature

In radio astronomy, where the Rayleigh-Jeans law is uswdly
plicable, the radiation intensity,(v) is expressed in terms of the
brightness temperature, so that

(© 0000 RAS, MNRASD00, 000—-000
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Figure 4. The spin temperature as a function of the kinetic tempezdtur
different values of the neutral hydrogen fraction.
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Figure 5. The spin temperature of the gas for a range of black hole rmasse
The redshift and quasar lifetimeé,( are specified on each panel. Note the
different y-axis range between the= 17.5 andz = 10 panels.

2
I(v) = %k:ﬂ,,

(11)
wherev is the radiation frequency; is the speed of light ané
is Boltzmann’s constant (Rybicki & Lightman 1979). This inn
can only be detected differentially as a deviation frépw, 5, the
cosmic microwave background temperature. The predictiéer-di
ential brightness temperature deviation from the cosma@oniave
background radiation, at the mean density, is given by ¢Fiéb8,

(© 0000 RAS, MNRASD00, 000-000
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Figure 6. The brightness temperature for the same cases shown infigure

1959; Ciardi & Madau 2003),

TemB
6Ty, = (20 mK (E) (1— —>
b ( ) h Tspin
Quh? 142\ £0.24\7"/2
8 (0.0223) K 10 )(W)} (12

whereh is the Hubble constant in units ®00km s~! Mpc™!, d is
the mass density contrast, afig, and<2;, are the mass and baryon
densities in units of the critical density. We also adoptaadard
model universe with a flat geometi@,h? = 0.022, Q,,, = 0.24
andQ = 0.76 (Spergekt al. 2006).

Figure® shows the brightness temperature for the same IMBH
mass explored in figufd 2. The curves show that the radiusiahwh
the differential brightness temperature is detectableeises with
the black hole mass and the miniquasar lifetime (lefthandighbt-
hand panels). The maximum amplitude, however, does nondepe
on the black hole mass and depends only weakly on the miraquas
lifetime. This is because at the cent¥&,;, > Tcns. HencedT,
is at its maximum value which, at the mean density of the Usive
only depends on the redshift and cosmological parameters.

4 MINIQUASARSWITH IONISING UV RADIATION

We consider the signature of (mini-)quasars with UV radiathat
ionizes the IGM. For simplicity, we assume that the radiafiax
spectrum is the same as in equafibn 1, except that the ergaigy s
the range ofl0.4 eV-100 keV. Of course in this case the quasar
will ionise its immediate surroundings and heat up a morereed
region of the IGM. Here we test three black hole masseB)0f

10* and 10® M©® atz = 10 and 17.5 with lifetimes of 3Myr.

The 10° M mass objects could be considered as progenitors of
the SDSS: ~ 6 quasars. Thél I neutral fraction as a function of
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Figure 7. The neutral hydrogen fraction as a function of distance taa8k
hole massesl (0, 10* and10% M @) for z=17.5 (left) and z=10 (right) for
miniquasars with UV ionization energye., emitted radiation that spans the
energy rangd0.4 eV— ~ 10% eV.

20 fq:3‘ Myr 20 1q:3; Myr
z=17.5 z=10
15} 15+
X 10t < 10t :
£ £
5 5¢ 5 5t J\j\ 1
0 0 1
10" 10% 10* 10* 10° 10" 10% 10* 10* 10°

R [comoving kpc] R [comoving kpc]

Figure 8. The differential brightness temperature for 3 miniquaseith
black hole masseR00, 10* and108 M and ionizing UV and X-ray pho-
tons {.e., energy range 0f0.4eV < E < 10%eV).

distance from the quasar is shown in figlite 7 for the threekblac
hole masses at= 17.5 (left) andz = 10 (right).

If one assumes that the IGM is not heated relative to the CMB,
then the quasar will heat its environment but appears as &siem
shell around the quasar in the 21 cm brightness temperataps.m
Figure[® shows the differential brightness temperatureratdhe
same three black hole masses shown in fiilire 7. The clear-diffe
ence in the brightness temperature between this figure amefily
is due to the size of the ionized region around the (mini-$qua

5 QUASAR FORMATION AND EVOLUTION
5.1 Quasar evolution with redshift

In this section we propose two very simple scenarios for tioe p
duction and evolution of quasars at high redshift and exptbe
implications for IGM heating, ionization and the observeday
background (XRB) (Moretti et al. 2003, Soltan et al. 2003 W
evaluate the initial mass density of black holes as a functib
redshift, without mass accretion, with the following fortioa sce-
narios: (i)- black holes as end products of stars that haxmdd
through molecular hydrogen cooling, i.e., stars formed ato&
with virial temperatures smaller that)® K. (ii)- black holes
that have been produced directly through the collapse obives

Tormen (1999) mass function to infer the number density tdha
with a given mass as a function of redshift.

The mass density of black holes for the first scenario is esti-
mated simply by calculating the number density of the most-ma
sive halos with molecular hydrogen cooling. These are haltse
range of0.1M7, < M < Mr,, whereMr, is the mass of a halo
with virial temperaturel0* K. This is a rough approximation for
halos that have efficient self-shielding fos Hisassociation and can
form pop Il stars through molecular hydrogen cooling (Ham
Rees & Loeb 1997a, 1997b). We henceforth refer to this saenar
as the intermediate mass black hole (IMBH) scenario. Toredé
the comoving mass density of the forming black holes as aifumc
of redshift, we assume that at the center of these massius,lihe
star ends its life as 400 Mo X (Mhaio/Mt,) black hole. The
mass density of the forming black holes as a function of réidsh
is presented by the thick solid line shown in the upper pafiel o
figure[d.

For the second scenario, we estimate the number of halos
with atomic hydrogen cooling, namely halos with virial teenp
atureTyiria1 > 10* K. In order to estimate the comoving mass
density of black holes per comoving Mberoduced by this sce-
nario, we assume that only 1% of the halos in this mass range ha
a low enough spin parameter to allow a direct collapse of #ie h
to form a massive black hole. The distribution of the spirapaster
of halos is quite flat at the low end of the possible spin patame
range (Steinmetz & Bartelmann 1995), and therefore, théceho
of 1% is rather conservative. In these halos, we take the thass
ends up in black holes d9~3 x %Mhulo, where thel0~2 re-
flects the Magorian relation between the halo mass and blalek h
mass, andé% gives the baryon ratio. The comoving mass density
of black holes produced in this type of scenario is presebyettie
solid thick line shown in the lower panel of figu® 9. We refer t
this model as the supermassive black hole (SMBH) scenario.

To calculate the accumulated comoving black hole mass-
density at any redshift, we assume that the black hole istngr
at the Eddington rate with a given radiative efficiengy,q. The ra-
diative efficiency is fixed in this paper to H8%. The cumulative
comoving mass density is then given by the following equmtio

35
t(z)—t(z")
Alz) = / d' p( e ()

z

1-¢€raqqd

et [Me/Mpc®], (13)

where f4.1y is the duty cycle, which ranges fron¥ to 10%, (z)
is the age of the universe at redshifandtz = 0.41Gyr is the
Eddington time-scale.

The thin lines shown in figurEl 9 show the comoving black
hole mass density as a function of redshift for sevefal, val-
ues. The calculation is done for both IMBH and SMBH scenarios
The case withfs.ty, = 10% produces a black hole density rela-
tive to the critical density 0fackhote(z = 6) ~ 1073 and10™*
for the IMBH and SMBH scenarios, respectively. These vahres
too high to be compatible with the inferred black hole dgnait
redshift 6. The other extreme case wifh,., = 1% produces
Qblackhote(z = 6) ~ 108 for both scenarios, which is too low.
Therefore, in the following subsections, we will focus oa thsults
obtained from the cases wiffy..t, = 3% and6%.

We show that even if the black holes cannot produce enough
radiation to ionize the Universe, they emit enough energiyeat
it up such that the 21 cm spin temperature is decoupled fr@am th

low angular momentum halos. In both cases, we use the Press-CMB. As a byproduct of our calculations, we show that some of

Schechter (Press & Schechter 1974) formalism with the S&eth

the scenarios we explore here can produce a considerableenum

(© 0000 RAS, MNRASD00, 000—-000
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Figure9. Initial and evolving comoving black hole mass density asrecfu
tion of redshift. The solid thick line shows the mass densityforming
black holes as a function of redshift. The other 4 lines shusvtbtal co-
moving mass-density for 4 values @f.,,,. The IMBH results are shown
in the upper panel and those for the SMBH case are shown irother |
panel.

of ionizing photons without violating the observationahstraints
on the SXRB.

5.2 The Soft X-ray Background (SXRB) Constraint

Here we calculate the amount of SXRB radiation that theseatsod
can produce to see whether the observed constraints in éngyen
range0.5 — 2 keV (Moretti et al. 2003) are violated. We shall
show that our adopted quasar duty cycle, limited from abave b
the Soltan constraint, yields a diffuse x-ray flux that is sietent
with the SXRB constraint. We assume a mean reionizatioofyist
of the Universe according to which the IGM underwent a sudden
reionization at redshift 6. This assumption is insenstiiveur com-
puted SXRB flux, and is conservative, in that it provides apeup
limit on the ionizing flux from (mini-)quasars. The SXRB islca
culated for various quasar spectrum templates. The pulmrses
twofold. Firstly, to exclude from our models those casesvlwate

(© 0000 RAS, MNRASD00, 000-000
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the SXRB constaints. Secondly, to explore the influence nbua
spectral dependences on the SXRB.

The first template is the one we used for the quasars that have
no UV radiation,

F(E)=AE™® 200eV < E < 100keV, (14)

where the calculation is made for a range of power-law irglice
a = 2 —0. This represents the case in which all the ionizing radi-
ation is absorbed in the immediate vicinity of the quasae Tase
we explored previously for the heating and ionisation fsonas
specifically fora = 1.

The second template, which we have also used before, repre-
sents the case in which all the UV radiation escapes the gsiasa
immediate surroundings into the IGM. The template used isere

F(E)y=AE™® 104eV < E < 100 keV, (15)

wherea spans the same range as before.
The third case we explore is the one with the template intro-
duced by Sazonov et al. (2004) and has the form,

AE™YT it 104eV < E < 1keV;
F(E)=

AE™® if 1keV < E < 100keV;
AE"® if E>100keV.

Notice here that we keep the power law index of the middleeang

«a, as the varying parameter. The reason is that quasars iedhe r

shift range6 — 10 with a Sazonov et al. type spectrum contribute

to the observed SXRB mainly in the energy rafige— 2 keV.

To proceed, we normalize the above equation with respect
to the product of the Eddington luminosity and the radiatiin
ficiency, €-q4. This should be done at a given distancefrom the
guasar which we choose arbitrarily to be 1 Mpc.

A quasar of mas8/ shines at,..4 times the Eddington lumi-
nosity, namely

Leaa(M) = 1.38 x 10*® (£> [erg s™']. (16)
Mo

ThereforeA is given by:

A(M) = €rad Leaa(M) [erg™ sflcm72] , a7

[ E-*dE x 4xr?
Erange
whereE,qnge = 10.4 eV — 100 keV.

In order to calculate the SXRB, we follow Dijkstret al.
(2004). The contribution of the soft x-ray background ofsedrin
the rangd).5keV < E < 2keV, given by:

35
A(p(2))

SXRB = (%)Q/dzd,q(zfm x
6

2(1+2)
E~ e "R [ergs ' em ?deg”(18)
0.5(1+2)

In the above equatiom,(E; z) represents the optical depth,

T(E;zq9) = < dz
e Ho\/Qm ) (142)0/2
6
x [nm 1(2)on 1(E') + nae 1(2)one 1(E')], (19)
where E' = E(1 + 2)/(1 + 2q), zq is the quasar forma-

tion redshift,nm 1(2) = nxr(0) (1 4 2)* andnge 1(2) =
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Figure 10. Soft X-ray background for various spectra. The four panels
show the SXRB level expected from the IMBH (upper panels) ahtBH
(lower panels) scenarios witfi,.¢, = 6% (right panels) and%. Each
panel shows the SXRB obtained assuming the three tempfadesr-law
guasars with ionization by UV radiation (solid-lines) ang¢hout UV ra-
diation (dotted-lines) and quasars with the Sazodoal. 2004 template
(dashed-lines). The short horizontal line in the middleadrepanel marks
the observational constraint of Moregtial. 2003.

nme1(0) (1 + 2)* are the physical density of hydrogen and he-
lium with ng 7(0) = 1.9 x 10" em ™2 andng. 1(0) = 1.5 x
10~ cm™®. The luminosity distancejy.(z), to the black hole is
calculated from the fitting formula given by Pen (1999) ahdis
the angular diameter distance,

dr(z)

Ot (20)

da(z) =
The division byd? accounts for the dimming of the quasar, whereas
the multiplication by(w/180)? x d% calculates the flux received
in a one degreefield of view. Moreover, the normalization factor
is now made with respect to the mass density of black holek, an
hence it carries an exttdpc 2 in our units.

Figure[I® shows the expected SXRB as a functiomx dbr
the IMBH and SMBH scenarios in thg..., = 3% and6% cases.
The short horizontal line at the middle of each of the panelsks
the observational SXRB constraint. This shows that nondese
models violate the observational constraint. Thé&; case, which
is not shown here, violates the observed constraints foostall
thea range.

5.3 Thenumber of ionizing photons per baryon

We now calculate the number of ionizing photons per baryoit-em
ted in the IMBH and SMBH models for thg;.., = 6% and3%
models. The purpose of this calculation is to show that thesgels
will not be able to ionize the Universe, except in the extramase
in which the escape fraction of the ionizing UV photons istyni
and no recombinations take place. To estimate the numbenef i

-2.0 -1.5 -1.0 -0.5 -2.0 -1.5 -1.0 -0.5
a o

Figure1l. Number of ionizing photons per baryon for different spectitze
upper two panels show results for the IMBH scenario with &fednd right
hand panels assumingy,,;,, = 6% and3%, respectively. The lower two
panels show results for the SMBH scenario with the left agttrpanels
assumingfqy., of 6% and3%. The three models explored are as in the
previous figure.

izing photons, one should integrate the number of emittedqois
per unit energy over the energy spectrum of the quasars. adie f
tor (1 — e~™) accounts for the absorbed fraction of photons. It also
involves an integral over the active lifetime of the quaghnwn to
redshift 6. These integrations have the following form:

~ dt
Nphotons = A4m dz A(p(z)) E fduty
6<2<35
[ o= e @
ETG/Vlge

wheredt/dz is given by,
dt 1
dz  H, (1+z)\/(1+z)2(1+§2mz) —2(24 2)Qa

[s].(22)

Again, the mass density paramefgy, = 0.27 and the vacuum en-
ergy density parametér, = 0.73. FigurelIl shows the number of
photons per baryon as a function of the energy spectrum pgewer
index,«.. Here we note a number of features. Firstly, the maximum
number of ionizing photons per baryon is roughly 10. This bam

is achieved in the IMBH scenario witfy.., = 6% for the spec-
tral templates of both Sazonometval. (dashed line) and the power
law spectrum with ionizing UV radiation (solid line). Despiob-
taining such a high number of ionizing photons per baryorg on
should note that these two cases assume that all the quasangp
photons escape its immediate surroundings. Not surphsitite
power law model without ionizing photons does not produce to
many ionizations (dotted line). Note also that the numbeomiz-
ing photons per baryon produced by the Sazcet@l. model does

(© 0000 RAS, MNRASD00, 000—-000
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Figure 12. The number of ionizing photons per baryon as a function of
redshift. The 3 left panels refer to the IMBH scenario witkleaf the three
showing the number of ionizing photons per baryon for a thffe spectral
template. The 3 right panels show the same for the SMBH sicerfdrese
figures assume a power law indeof 1.

not vary much witho. This is simply because the power-law index
we vary in this model is in the X-ray energy range.

Figure[I2 shows the evolution of the number of ionizing ph-
tons per baryon with redshift. The calculation shown heseiaes
a = 1 for all three templates. The 3 left panels show results for
the IMBH scenario, where each of the spectral scenariosoistsh
in a different panel. The right hand panels show the samehfor t
SMBH case. As expected, most of the ionizing photons are pro-
duced towards the low redshift range. The Sazoeoal. model
produces the largest number of ionizing photons due to éspst
ness in the low energy range (power-law index of -1.7). Tlaisrg
clearly shows that the;.:, = 10% scenario produces an unre-
alistically high number of ionizing photons. Assuming tlia¢se
curves give the actual ionization history, one can easilgutate
the optical depth for Thomson scattering of CMB photans, .
This of course is not a self-consistent calculation sincerder to
obtain the number of ionizing photons as a function of retishi
one has to assume an ionization history. This exercise lisosti
interest as it gives an upper limit for the influence of quasar
TomB- TO calculatercar g, we assume that the electron density,
ne = ngrtimesz. andz. is given by one-tenth of the number of
ionizing photons per baryon that appears in fiduie 12 withppeu
limit of unity. The largestcas s found here is, again, for the IMBH
model with f4..+, = 10%. However even for this case, one obtains
a values ofrcarp =~ 0.04 which is less than half of the WMAP3
observed value (Page et al 2006).

6 SUMMARY

This paper explores the feasibility of heating the IGM witlagars
without violating the current observational constraif8sch heat-

(© 0000 RAS, MNRASD00, 000-000

ing is essential in order to be able to observe the 21 cm emnissi
from neutral hydrogen, prior to and during the epoch of rizian
tion. We have shown that miniquasars with moderate black hol
masses can heat the surrounding IGM out to radii of a few cemov
ing mega-parsecs.

In this paper, two Press-Schechter based black hole mass den
sity evolution scenarios have been proposed, IMBH and SMBH.
The first model assumes the black hole population is the evdt pr
uct of pop Il stars that leave behind black hole masses obthe
der of 10-100/. The second model assumes direct formation of
black holes as a result of the collapse of low angular monmantu
primordial halos. For these two scenarios, we have expltnesk
different quasar spectral templates: a power law with iatiimn UV
radiation, a power law without ionising UV radiation and a&aov
et al. (2004) type template.

With the exception of the models that have @% duty cy-
cle, we have shown that the quasars are not able to fullyéchis
IGM — especially if one assumes the template that does na hav
ionising UV photons — while the SXRB constraint is satisfidt
conclude that based on the mass evolution history shown there
is enough mass in the quasars to heat up the IGM by redshift 15.
For example, for quasars with a power law index-dfand no ion-
izing UV radiation, quasars with black hole massed@f~* M,
can heat up the IGM overa 0.1 — 1Mpc comoving radius from
the (mini-)quasar (see figufé 6). The models witli duty cycle
reach such mass per comoving Mgt redhsift larger than 10 for
both scenarios.

This result is “good news” for the new generation of low fre-
quency radio telescopes designed to probe the high red&ift
through its 21 cm emission, such as LOFAR, MWA and PAST. It
clearly shows that the quasar population could easily ddeahe
spin-temperature from that of the CMB.

However, since the spin temperatures achieved are not very
high, this means that the brightness temperature will cheysig-
nature not only of the ionized fraction and density fluctorsi, but
also of the variations in the spin temperature. This corapdis the
interpretation of the observed brightness temperaturering of its
link to the cosmological fields. Nevertheless, the high $pmper-
ature bubbles are expected to overlap before those of tieatan,

a factor that will mitigate this complication. Furthermpome can
turn this around and argue that these fluctuations will teaahnore
about the ionising sources than about cosmology. An extetaie

in the spin temperature will be a clear signature of power faw
diation,i.e., quasars, while a short tail will be a clear signature of
thermal radiationi.e., stars.
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